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Abstract 
Vertebrate eye development requires the coordinate specification of a number of tissues and 
cell interactions which produce the precisely assembled organ of the adult. Careful observations of 
the developing eye in a variety of organisms, in addition to detailed descriptive cataloguing of its 
morphogenesis have provided a number of clues to the forces which direct its development. 
However, the advent of molecular biology has allowed analyses of the underlying forces which 
drive these events on a much finer level. The purpose of this project was therefore to isolate genes 
which are involved in eye development or maintenance, since relatively few genes have been 
identified which are involved in these processes. 
The identification of two groups of genes which are involved in programming developmental 
decisions has greatly aided the understanding of events which occur at the genetic level. These genes 
are the homeobox containing proteins and the zinc finger proteins which contain domains which are 
directly involved in specific DNA interaction. Originally identified in developmental and 
transcription regulators, the conservation of these DNA binding domains has provided an excellent 
tool to isolate similar genes from a variety of species. The role of three such genes has been 
characterised in the mammalian eye. 
A new family of homeobox containing genes, the Msh-like, has been identified (Hill et al., 
1989; Robert et al., 1989). The expression of two unlinked sequence related members of this family, 
Hox-7 and Hox-8, has been examined in the developing mouse eye. Both genes are expressed in the 
mouse embryo during the early stages of eye development in a distinct spatial and temporal 
relationship. Hox-8 is expressed in the surface ectoderm and in the optic vesicle before invagination 
occurs corresponding to the domain of the corneal epithelium and the neural retina respectively. Hox-
7 expression occurs after formation of the optic cup marking the domain of the prospective ciliary 
body. The activity of these genes indicate that the inner layer of the optic cup is differentiated into 
three distinct compartments before overt cellular differentiation occurs. These results suggest that 
these genes are involved in defining the region that gives rise to the inner layer of the optic cup and 
subsequently to the domains that are destined to become the iris, ciliary body and retina. 
A gene has been isolated from a human retinal cDNA library contains a number of zinc-finger 
motifs. The expression of this gene (Rox5), is detected at low levels in all tissues examined. The 
levels of expression varies between individual tissues with maximum expression in tumour cells In 
serum deprived cells, the transcription of Rox5 and a related gene is rapidly induced approximately 
five fold. Based on these observations, it is proposed that this gene is a transcriptional activator, 
which is stimulated in response to low serum conditions in cells. It is possible that this gene is a 
member of the stress protein family which are rapidly induced in response to various stimuli in all 
cells in the body. 
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To explain the generation of species diversity in both form and function from a single 
universal genetic code is one of the most challenging problems of modem developmental biology. 
During mammalian development the processes of growth, differentiation and morphogenesis are 
precisely programmed and coordinated to transform a single cell into a multicellular organism. Since 
each cell within an organism is endowed with identical genetic information a fundamental quest has 
been to elucidate the mechanisms, both genetic and epigenetic, governing these processes. 
Nature provides a unique facility with which to study some of the processes involved in 
development, the existence of viable mutations which disrupt a genetic pathway and produce an 
aberrant phenotype. Classical developmental genetic studies on these mutations have provided tools 
to decipher the mechanisms involved and established many of the theories which govern research 
today. The study of pattern formation in Drosophila for example, has led to the identification of a 
prepattern hierarchy controlled by groups of 'master genes' which operate both temporally and 
spatially during embryogenesis to specify the body plan of the adult. Characterisation and cloning of 
these genes has revealed that similar sequences are found in other organisms and therefore suggests 
strongly that many of the mechanisms which govern developmental decisions may be conserved 
between species. In addition classical transplantation experiments have established that precise tissue 
interactions are required for the correct programming of development and similarly that common 
inductive interactions are shared between organisms. 
1.1 The Mammalian Eye 
One of the fundamental theories of development, that of induction, was established by 
Spemann (1901). He demonstrated that formation of one embryonic tissue (the lens) depends on its 
interaction with an adjacent tissue (the optic vesicle). The process of induction has been an area of 
active research for many years, and since the classic experiments by Spemann many investigators 
have used the eye as a pertinent tool to study the processes involved in development. The eye is a 
useful model in developmental studies because it allows experimental interference during 
embryogenesis without producing lethal effect. Many developmental mutations which affect the eye 
are easily observable or produce a phenotype which can readily be tested. 
Much of our knowledge on tissue interactions and morphogenic events such as cell division, 
movement, adhesion, differentiation and death, in the developing eye, comes from analyses of 
these processes in lower vertebrates. Eyes from both anurans and urodeles have been the object of 
numerous productive experimental studies and have yielded an abundant amount of information on 
embryogenic events. Studies have shown that in the developing mammalian eye, the processes 
involved are similar to those in lower vertebrates, although the specificity of individual components 
of the eye may differ. While there is an abundance of information on the inductive interactions 
involved, relatively little is known about the molecular events which drive these interactions. 
Therefore this study proposes to characterise genes required during embryogensis of the mammalian 
eye. 
12.1 Structure and Function 
The eye, being the peripheral organ of sight, is a highly specialised structure adapted to 
convert incident light energy into neural signals which it can then transmit via the optic nerve and 
tracts, to the brain. During development, tissues from distant embryonic regions are brought together 
to form the specialised functional components of the eye. Some parts of the eye are seen to be 
multilayered as a result of maintaining a distinction between closely opposed strata. These strata are 
sometimes from quite different embryological backgrounds. The correct historical background of 
these different formative tissues can play a vital role in producing subsequent normal morphogenesis. 
To interpret the expression patterns of genes involved in development requires a knowledge of the 
structure, function and origin of the composing tissues. 
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12.2 Formation of the specialised components of the eye 
The mammalian eye is a spherical globe composed of three distinct layers surrounding a 
central cavity (Figure 1.1). 
The outer supporting layer consists of the transparent cornea anteriorly, the opaque sclera 
posteriorly, and the cornea-sclera junction where they adjoin. The middle uveal layer consists of the 
choroid posteriorly, the iris anteriorly and the ciliary body between them. The inner retinal layer is 
subdivided into the anterior retinal pigment epithelium and an inner neurosensory retina. Nerve fibres 
from the latter, exit from the back of the eye as the optic nerve. 
The lens a transparent biconvex structure, is suspended behind the iris by zonular fibres which 
pass from the equatorial capsule to the epithelium of the ciliary body. 
The solid structure of the eye enclose three chambers. From posterior to anterior, the vitreous 
cavity, the posterior chamber and the anterior chamber. The vitreous cavity lies between the lens and 
the zonules; and adjacent to the inner layer of the retina. It is filled with a transparent gel, the 
vitreous. The anterior chamber lies between the cornea and the iris, and the posterior chamber lies 
between the iris and the lens and zonules. The two chambers communicate via the pupil, a central 
aperture in the iris. They are both filled with a clear liquid, the aqueous humor. 
13 Development of the vertebrate eye 
The eye is one of the first organs to develop in vertebrates and has been described in the 
chick (Schook, 1978; Hilfer, 1983), mouse (Kaufman, 1979; Svoboda and O'Shea, 1987), hamster 
(Waterman, 1972; Waterman, 1976), rat (Adelman, 1925; Woederman, 1963), and also in humans 
(ORahilly, 1966; Duke-Elder and Cook, 1963). The following descriptions relate to the mammalian 
eye unless otherwise stated. 
Detailed scanning and transmission microscope studies of the developing neural tube has 
revealed that the differentiation of the eye rudiment obeys the same rules. Since Panders experiments 
on chick eyes in 1817, it has been known that the eye regions arise in the anterior walls of the 
prosencephalon and that the optic vesicles are outgrowths from the neural tubes. 
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Figure 1.1 Anatomy of the human eye (reproduced from Gray's Anatomy 1969). 
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Before neural tube closure each eye is represented by an ectodermal region in the anterior 
blastodisc which forms part of the primitive diencephalic wall in Urodelan species (Adelman, 1928). 
In mice (Kaufman, 1979) and in humans (O'Rahilly, 1966) the primordia of the right and left eye can 
be recognised as shallow grooves in the floor of each neural wall, at, or around, the time of neural 
tube closure. Eye development in vertebrates is not synchronous on either side of the brain, with right 
and left fields often exhibiting different stages of development. 
After closure of the neural tube, these grooves form a lateral evagination from the 
diencephalic part of the prosencephalon. The mechanisms underlying evagination are not known but 
it is thought that mitosis and differential cell growth contribute (Coulombre, 1965). In mouse 
embryos at 9.0 days post coitum (p.c.), these grooves are distinguished as an optic vesicle attached by 
a thin stalk to the lateral wall of the prosencephalon (See Figure 1.2). As the optic vesicle grows the 
distance between it and the surface ectoderm decreases until there is no longer an intermediate layer 
of mesenchymal cells. The neural epithelium is then in close association with the surface epithelium. 
This association excludes cranial neural crest cells and other cells from the region between 
the two tissues (Meier, 1982). Transplantation experiments have shown that interaction between the 
neural epithelium, underlying mesenchyme, and surface ectoderm, and, under the influence of the 
archenteron roof and heart mesoderm, lens placode formation is induced (Jacobson and Sater 1988). 
This is seen as a thickening in the surface epithelium which then invaginates and pinches off to form 
a lens vesicle. Indentation of the lens placode and invagination of the outer half of the optic vesicle 
facilitates formation of the optic cup. At this stage (Day 10 in mice, Hogan et al., 1986a), the optic 
cup consists of two strata of cells, an outer pigment epithelium, and an inner retinal disc which are 
separated by the intra-retinal gap. 
As the optic cup grows, the layers of the optic cup approximate, obliterating the space 
between them (Calvente et al., 1988). The inner layer of the optic cup differentiates into its 
constituent parts. The tip of the optic cup grows forward to form components of the future iris 
(Stroeva, 1967). Just below this region the lens induces a band of specialised cells to form part of the 
ciliary body (Stroeva, 1963) and the rest of the inner layer of the optic cup differentiates into the 
multilayered neural retina. The outer layer of the optic cup differentiates into specialised pigment 
epithelium of the retina, ciliary body and iris, in the inner layer. Growth and expansion of the eye 
Figure 1.2 Development of the mammalian eye 









Schematic representation of the development of the mouse eye. SE, surface ectoderm; 
OV, optic vesicle; OS, optic stalk; OC, optic cup; LP, lens placode; IL, inner layer of the optic cup; 
OL, outer layer of the optic cup; LV, lens vesicle; L, lens; CB, ciliary body; I, iris; C, cornea; 
ON, optic nerve. Age is shown in embryonic days. Detailes are described in the text. 
allows neural crest and mesenchymal cells to enter the regions between the surface epithelium 
(presumptive cornea) and the lens, and between the lens and the optic cup. This facilitates formation 
of the other specialised structures of the eye. 
1.3.1 The Cornea 
This transparent, largely avascular tissue, is composed of three main layers. From anterior to 
posterior, the epithelium, the stroma and the endothelium (Figure 1.3). The epithelium which is 
derived from surface ectoderm (Duke and Elder 1961; Lewis 1904), is the first layer in the cornea to 
form. Although much of the surface epithelium has the capacity to differentiate into corneal 
epithelium after lens invagination, only a small region eventually becomes part of the adult cornea. 
This is achieved in the chick (Niefach 1950) and in amphibians (Spemann 1901, Lewis 1904) 
through the action of the lens and optic cup which act as inducers of corneal epithelium formation 
and thus restrict potential to their inductive fields to a precise region covering the eye. 
The remaining layers of the cornea are formed from cells which migrate into the space 
between the surface epithelium and the developing lens. These layers differentiate from neural crest 
and mesenchyme cells. The corneal epithelium then secretes the fibrous lamellae of the corneal 
stroma, which deposits between itself and the developing lens (Meier, 1982). The primary stroma 
swells when the epithelium secretes hyaluronic acid and glycosarninoglycans into it. These 
substances bind large amounts of water and therefore cause the cornea to swell (Bard, 1990). This 
swelling precedes ingress of stromal fibroblasts which are derived from cranial neural crest cells 
(Johnson et al., 1979). This stroma forms 90% of the mature cornea. The mature cornea is a tough, 
fibrous, transparent structure consisting of lamellae which alternate in adjacent layers (Redsiob 
1935). 
Descemets membrane separates the stroma from the endothelium. It is a thick membrane 
which is considered to be secreted by the underlying endothelial cells (Coulombre, 1965). Neural 
crest cells invade the cornea lens area to form a contiguous sheath, the posterior corneal epithelium 
(Meier 1982). These cells are a single layer which line the internal surface of the Descemets 
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membrane and are bathed by the aqueous on the opposing side. (Figure 1.3). A second wave of crest 
cells invade the stroma and differentiate into keratinocytes which are responsible for maintaining the 
adult cornea (Meier, 1982). Stromal fibroblasts then synthesise hyaluronidase which breaks down 
hyaluronic acid, water is released and the stroma condenses. This is the final stage in corneal 
differentiation and results in the formation of a transparent cornea. Thus, except for the anterior 
corneal epithelium, all layers of the cornea are of neural crest origin. 
1.3.2 The Sclera 
The sclera is a tough, opaque, collagenous membrane coating the exterior orbit. It is derived 
from the ectomesenchyme that condenses around the optic cup (Horstadius, 1950; Osipov and 
Vakhrusheva 1975). The mesenchyme mainly derived from neural crest cells with a mesodermal 
contribution (Johnn et al.,1979). Melanocytes are found in the deeper layers especially in the 
region where the optic nerve pierces the retina. These are derived from the cranial neural crest cell 
population (Meier, 1982). The inducer of scleral formation is not known. Since the pigment 
epithelium is of neural origin and since the sclera exactly coincides with it, it is assumed that this is 
responsible for sclera. induction (Coulombre, 1965). 
1.3.3 The Uveal Tract 
The choroid is a highly vascularised layer between the sclera and the pigmented epithelium. 
It provides the blood supply for the retinal pigment epithelium and the outer half of the neurosensory 
retina. Its numerous melanocytes give it a dark appearance. It is derived from mesenchyme that 
surrounds the optic cup (Grays Anatomy, 1973; Bloom and Fawcett, 1968). Its blood vessels are 
mesodermal in origin whereas melanocytes, pericytes and connective tissue are derived from the 
cranial neural crest cells (Meier, 1982). 
The ciliary body is formed by a fusion of the optic and adjacent ectomesenchyme. The inner 
surface is lined by a pigmented epithelium and an inner non pigmented epithelium. The former is an 
anterior continuation of the retinal pigment epithelium, whilst the latter is a continuation of the 
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Schematic representation of a cross section of the cornea. The origin of 
the individual layers are described in the text. 
Figure 1.4 Structure of the uveal tract (reproduced from Bloom and Fawcett 1968). 
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neurosensory retina. The main bulk of the ciliary body is composed of the ciliary muscle which forms 
from mesoderm (Figure 1.4). The interactions responsible for formation of the ciliary muscle and its 
surrounding connective tissue are unknown, but from quail-chick chimera neural crest transplantation 
experiments (Beebe 1986, Johnson et al., 1979), it seems likely that all mesenchyme derived cells of 
the ciliary body are of cephalic neural crest in origin. It has fibres running circularly, radially and 
longitudinally. 
The iris is a diaphram with a central aperture, the pupil. It has two main layers, a posterior 
pigmented layer and an anterior stromal layer. The pigmented layer is a bilayered epithelium formed 
by the forward extension and subsequent fusion of the optic cup. The neuroectoderm of the optic cup 
also contributes to the dilator muscle which lies intermingled with the anterior layer of the pigmented 
epithelium, and the constrictor muscle which lies in the stroma at the pupillary margin. Posterior to 
the dilator muscle, the pigment epithelium is a single layer. The stroma, its melanocytes and blood 
vessels are derived from mesenchyme, cranial neural crest cells and mesoderm. 
1.3.4 The Retina 
The retina is derived from the neurocctoderm. It arose in the optic cup which is an 
outgrowth of the primitive forebrain (see Figure 1.2). The cells of the vertebrate retina are arranged 
into three neuronal cell layers. The inner ganglion cell layer, the middle bipolar cell layer and the 
outer photoreceptor cell layer (Figure 1.5). The external layers contain the specialised 
photoreceptors which are adapted to transduce light energy into neural signals. In mammalian retinas 
there are in addition at least five neuronal cell types which interconnect between the optic nerve and 
the photoreceptors. The photoreceptors lie adjacent to the retinal pigment epithelium. A number of 
specialised cells provide connections between the three main layers. The axons of the ganglion cells 
exit the eye as the optic nerve. 
The outer layer of the optic cup is initially four to six cells thick. The inner layer of the optic 
cup is initially a single layer of proliferating 'ventricular' cells which subsequently develop into three 
zones, the epidymal, mantle, and marginal. The epidymal zone becomes the photoreceptor outer 
segments. The mantle divides into outer and inner neuroblast layers. The former develop into 
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Schematic representation of a cross section of the retina. Layers and 
zones are indicated as follows: 1. pigmented epithelium; 2a outersegments 
of phororeceptors; 2b inner segments of photoreceptors; 3 external limiting 
membrane; 4, photoreceptor nuclei; 5, outer synaptic layer, 6, outer nuclear layer 
7, inner synaptic layer; 8, ganglion cell layer; 9 optic fibre layer; 10, inner limiting 
membrane 
photoreceptor cell bodies and bipolar cells, while the latter develop into ganglion cells. 
All of these cells differentiate from a single layer of proliferating cells, the ventricular cells 
(Ramon y Cajal, 1894; Sidman, 1961; Hinds and Hinds, 1974). The retina has a very precise 
structural and developmental profile. The optic cup gives rise to the bilayered retina. Initially both 
layers of the retina are equipotential (Dragamirow, 1932; Stroeva,1960; Alexander,1937) and can be 
interchanged but each layer becomes determined under the influence of local inductive interactions. 
The retina is one of the best characterised organs in the eye both structurally, functionally and 
embryologically in a variety of vertebrate species. Although the timing of events between different 
vertebrate species vanes, the chronology remains the same. Naturally each organism has adapted 
subtleties in the retinal architecture, tailored to the individual needs, for example, rat retina contain 
primarily rod photoreceptors while chicken are made up of primarily cone (Galbavy & Olson, 1979). 
There is therefore considerable variation among vertebrates in, for example, photoreceptor number 
and type and this study will only consider the overall developmental profile of the mammalian retina. 
1.3.5 Differentiation of the neuroblastic layer 
The inner layer of the optic cup differentiates into the neural and photoreceptor components of 
the retina and initially requires the lens for induction (Stroeva, 1965). Depending on contact with 
the surrounding mesoderm, the outer layer of the optic cup persists as a single layer of cells, acquires 
pigment and differentiates into the pigment epithelium. 
Following invagination of the optic cup, mitosis contributes to the increase in both thickness 
and area of the optic cup. In the mouse, mitoses are found in the retina continuously from the 11th 
day of development until after birth. In the early developmental stages of the optic cup, these mitotic 
cells are confined to the outer surface of the developing retina (Coulombre, 1965). After mitosis 
daughter cells migrate inward, take up appropriate positions in the retina and differentiate into the 
respective layers (Sidmann, 1961). 
A number of investigators have used this phenomena of fluxing mitotic cells to analyse the 
histogenesis of the developing cells in the retina. Ramon y Cajal (1929) observed that the ganglion 
cell layer in the retina is the first layer to differentiate and that the remaining cell layers differentiate 
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later, some postnatally in many mammalian species. It was recognised that in the newborn mouse 
two distinct layers were obvious in the retina: the first and outer layer containing the ganglion and 
amacrine cells, while the inner layer contained the Muller, horizontal and bipolar cells of the future 
bipolar layer, and the rods and cones of the future photoreceptor, mixed without apparent order. 
These observations were confirmed by Sidman (1961) and expanded by labelling retinal cells 
with thymidine-H3, (which is taken up almost exclusively by cells synthesizing DNA as a prelude to 
cell division), and examining the layers in the developing retina that have incorporated label. The 
number of cells synthesing DNA at any given time increases dramatically from the 11th day of 
gestation in the mouse until after birth. In addition the profile of developing layers through time, 
within the developing retina was mapped and the orderly pattern of differentiation of neural and 
photoreceptor cells established. These experiments demonstrated that cells destined for all retinal 
layers are formed simultaneously but the relative numbers of cells destined for each layer changed 
with time. It was concluded that the ganglion cells attain their full developmental phenotype first, in 
the vitreal side of the inner layer. Amacnne cells differentiate at around the same time but may lag 
slightly and develop in the inner margin of the bipolar layer, while the photoreceptors located at the 
pigment epithelium junction are the last to differentiate. 
Detailed electron microscope examination of the developing mouse retina have also verified 
these observations (Hinds and Hinds, 1974, 1978, 1979). These authors suggest that in addition to 
normal differentiation from the ventricular layer, a population of amacrine cells may be formed from 
ganglion cells by loss of the axon and migration of the cell body into the neuroblastic cell layer, 
around the 15th  day of development in the mouse. They extended their analyses to study the 
differentiation of photoreceptor and horizontal cells and verified previous reports (Sidman, 1961; 
Hinds and Hinds, 1974) that a few horizontal and photoreceptor cells arise very early in 
development, having a final division as early as the 11th day of gestation and signs of morphological 
differentiation on the 15th  day (Hinds and Hinds, 1979). 
During embryogenesis the retina contains a cross section of neural cells at different stages of 
differentiation. In addition, differentiation occurs without afferent axons from the central nervous 
system and so the factors responsible must be intrinsic to the retina or surrounding tissues. Nor is 
differentiation throughout the retina uniform, since layers in the deepest portion of the optic cup 
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differentiate first while cells near ora serrata differentiate last. Thus the retina provides a good 
model to study neural differentiation because, not only can the differentiation of neural components 
from common precursor cells be studied, but also, the differentiation of individual neurons through 
time can be followed by examining a cross section of the retina from the optic nerve to the ora 
serrata. 
1.3.6 Differentiation of the photoreceptors 
Photoreceptor cells develop at different rates in diverse species and are the last cell type to 
differentiate in the sensory retina (Braekevelt and Hollenberg, 1970). The morphogenesis of 
photoreceptors has been outlined in a number of organisms, and in addition to the mouse, (Olney, 
1968), a number of species possess immature retinas at birth. These include rats (Galbovy & Olson, 
1979), rabbits (Noell 1958), cats (Tokuyasa and Yamada, 1959) and dogs (Aguirre 1977). 
Each photoreceptor produces a single cytoplasmic bud at its distal end which protrudes 
through a pore in the external limiting membrane (Figure 1.6a) (Coulombre, 1965). This bud is 
observed on the third to fifth day of rat postnatal development (Weidman & Kuwabara, 1968) and 
will give rise to the inner segments of the photoreceptors. A number of specialised structures such as 
mitochondria, ribonucleoprotein particles, myoid, elipsoid and an oil droplet (Coulombre, 1965; 
Lewis, 1923 ; De Robertis, 1956) may be present but these vary between species (Figure 1.6b). A 
primitive cilium projects from this cytoplasmic bud and becomes enveloped in a cytoplasmic 
protrusion which develops at the distal tip of the inner segment (De Robertis, 1956) (Figure 1.6c). 
This constitutes the primitive outer segment. The apical extension enlarges due to a rapid build-up 
of vesicles. The cell surface is induced to fold inward on the side opposing the connecting cilia 
(Figure 1.6d). These invaginations form primitive sacs of closely opposed membranes which are 
arranged perpendicular to the longitudinal axis of the photoreceptor cell (Coulombre, 1965,; 
Tokuyasu and Yamada, 1959). This process is observed on day 6 to 7 in mice (Olive and 
Recouvreue, 1977). These sacs then grow and become flattened and can be seen after birth in the rat 
retina, in the outer segment as a regular array of stacked discs at two weeks (Weidman and 
Kuwabara, 1968) (Figure 1.6e). New discs are added continuously to the base of the outer segment of 
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Schematic diagram of rod/cone development. A to E are the successive stages of photoreceptor 
developmental stages described in the text. AF, axial filment; BB, basal body; CT, ciliary tubules; 
E, elipsoid; ELM, external limiting menbrane; ER, endoplasmic reticulum; IS, inner segment; 
MI, mitochondria; MG, melanin granule; MV, microvillus; N, nucleus; OD, oil droplet; OS 






the photoreceptors. Older discs are transposed to the tip and shedded. This process is continuous 
throughout life ensuring constant cycling of discs. 
1.3.7 Function ofphotoreceptors 
The retinal photoreceptor cells are composed of a cell body containing the nucleus, an axonal 
centipetal process which forms synapses with the neurons of the retina and a photosensitive process 
embedded in the pigment epithelium. Although intermediate forms exist in different vertebrates, the 
great majority fall into two main classes of photoreceptors: rods and cones. Their function is to act as 
receptors of light at the outersegments and transmitters of neural signals at the inner segment. Cone 
cells are specialised receptors for colour vision, whereas rod cells respond to black/white light. They 
not only differ functionally but also structurally and different organisms have disparate complements 
of rod verses cone numbers. 
In cones, the membranes of the discs retain continuity while rod discs are quickly pinched off 
to become entirely separate. Each photoreceptor consists of an outer segment which contains the 
discs enclosing the photo-sensitive pigments, this is rhodopsin in the rod cells, similar pigments 
have been found in the cone cells. These photopigments display different absorption spectra 
characteristic of the individual photoreceptor. All known visual pigments are lipoproteins to which 
the 11-cis isomer of vitamin A is attached as a prostethic group (Chabre, 1985; Stryer, 1986). The 
protein is synthesised in the myoid of the inner segments and is then transported through the golgi 
apparatus and ellipsoid and incorporated into the discs. These are the sites of photoreception, and the 
first step in phototransduction occurs when a visual pigment is activated by a photon of light. 
1.4 Photo transduction 
Light hyperpolarises photoreceptors by reducing a steady inward current of ions that enters the 
outer segment in darkness (Chabre, 1985; Stryer, 1986). This triggers release of a neurotransmitter at 
the photoreceptor synaptic junctions, initiates a neuronal signal which is transmitted via the optic 
nerve to the visual cortex of the brain. 
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The molecular machinery for transduction is located in a discrete portion of the cell, the outer 
segment. The processes of transduction has been elucidated in the rod cell, since it can be readily 
detached and harvested in large quantities. Rhodopsin is the visual pigment of rod cells and is located 
in the rod outer segments (Stryer, 1983). Rhodopsin has been cloned and sequenced from a number of 
mammals and is highly conserved among them (Ovchinnikov, 1987; Nathans and Hogness, 1983, 
1984; Dratz and Hargrave; 1983). Analysis of the sequence arrangement from both vertebrates and 
invertebrates revealed that opsins obey the same folding rules (Ovchinnikov, 1987). Rhodopsin is a 
transmembrane protein consisting of seven transmembrane helices connected by hydrophobic loops 
on either side of the rod disc membranes (Ovchinnikov, 1982; Dratz and Hargrave, 1983: Nathans 
and Hogness, 1983, 1984; Baer and Applebury 1986). 
Activation of rhodopsin occurs when a single photon triggers photoisomerisation of the 11 -cis 
chromophore of rhodopsin to the all-trans form. This conformational change facilitates interaction 
with another disc membrane protein, the retinal 0-protein, transducin, Transducin consists of three 
polypeptide chains Ta , TJ and Ty (Fung & Stryer, 1980; Stryer, 1981; Stryer, 1983). These three 
chains are associated when Tot has GDP bound (Stryer, 1983). Photoactivated rhodopsin catalyses the 
exchange of GTP for bound GDP on the a-subunit, and dissociation of the Ta from the TO/Ty 
occurs. Transducin Ta(GTP) leaves the membrane and diffuses in the cytosolic space between the 
discs. Here it activates phosphodiesterase by relieving the inhibitory constraints imposed upon it. 
Phosphodiesterase then rapidly hydrolyses cGMP to 5'-GMT. 
Reduction of cGMP closes the Na+/Ca2+ channels on the plasma membrane, which 
hyperpolanses the cell and stops entry of Ca2+ (Pugh and Cobbs, 1986). This results in a 
hyperpolarisation of the discs, which spreads down the photoreceptor to the synaptic termini and 
results in release of a synaptic transmitter. This results in a stimulation of the connecting neurons 
which is transmitted via the optic nerve to the brain. 
This process is highly amplified, with thousands of transducin and phosphodiesterase 
molecules being activated within seconds by a single photoactivated rhodopsin molecule through 
serial catalysis of GTP binding (Liebman and Pugh, 1982). Quenching of light activation is gradual 
and begins with inactivation of the receptor. Rhodopsin is both a catalyst for G-protein activation and 
a target for phosphorylation by rhodopsin kinase and AT? (Liebman and Pugh, 1980). It is suggested 
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that phosphorylation may be responsible for partial deactivation and that these sites may be a target 
for a 48kD protein (Wilden et al., 1986) ( also called S-Antigen, Pfister et al., 1984; arrestin, 
Zuckerman et al., 1985). S-antigen and arrestin are cytoplasmic and become associated with the 
membrane when rhodopsin is photoactivated and result in deactivation of rhodopsin. This process is 
poorly understood but it is possible that subsequent de-phosphorylation of rhodopsin by a 
phosphatase occurs and rhodopsin is isomerised to the 11 -cis form. 
15 Induction 
Previous investigators of the early events in eye development, have concentrated on the 
process of induction and inductive tissue interactions. Embryonic induction consists of an interaction 
between two tissues, one inducing and one responding, this results in a coordinate transformation of 
the responding tissue, in both cellular activity and gene expression. It is a vital step in the 
organisation of many organs and in their precise localisation within the developing embryo. During 
development, the embryo is initially partitioned into seperate fields. These have the ability to respond 
to specific morphogens which determine their developmental fate. Individual organs become 
localised to specific domains within these fields through local inductive interactions. 
Mesoderm induction in Xenopus is one of the earliest inductive events that has been studied in 
detail. It depends on interaction between the animal and vegetal blastomeres. At the morula stage, the 
amphibian embryo consists of only two types of cells: prospective ectoderm in the animal hemisphere 
and prospective endoderm in the vegetal hemisphere (Smith, 1987; Speeman and Mangold, 1924). 
The endoderm induces the ectoderm to form a third germ layer, the mesoderm. Thus alter 
gastrulation the mesodermal layer (which will give rise to notocord, muscle and red blood cells) lies 
between the ectoderm and the endoderm (Harland, 1988). Pioneering experiments on salamanders by 
Spemannm and Mangold (1924), have defined a region in the dorsal mesoderm, which, when 
transplanted into a ventral position in the gastrula, induced development of an embryo with two sets 
of dorsal tissue. The ventral mesoderm had been dorsalised by the graft and had induced host surface 
ectoderm to differentiate into a nervous system, in effect the embryo had been reorganised. Spemann 
therefore coined the word 'organizer' to define this region. Since then it has been shown that the 
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embryonic ectoderm is predisposed to neural differentiation and that a number of molecules can 
induce neural ectoderm in the absence of mesoderm (Gurdon, 1987). The molecular nature of 
inducers and of elements that respond to induction are only beginning to be elucidated. 
Since the initial characterisation of mesoderm induction in Xenopus, features of embryonic 
induction have been investigated in a number of other organisms but most studies have used 
amphibians as an experimental model. Induction plays a particularly important role in determination 
of embryonic ectoderm, with the central nervous system forming first, and subsequently playing its 
part in the induction of other structures ie. nose, ear and lens. A number of structures in the eye both 
respond to and participate in induction. This includes the lens which is induced by the optic cup, 
heart mesoderm and archenteron roof. The lens in turn induces formation of the cornea and the 
ciliary body. In addition the retina and pigment epithelium are involved in inductive interactions and 
have the ability to transdifferentiate during the early stages of development. 
1.5.1 Induction of the lens 
The process of induction was primarily described in 1901 by Spemann when he proposed that 
formation of the lens ectoderm depends on an influence from the optic cup. Studying development of 
the eye in Ranafusca, he cauterised the retinal rudiment on one side of the open neural tube plate and 
observed that lenses failed to develop. He concluded that optic cup plays a critical determinative 
role in the formation of the lens. Since then a number of investigators have repeated and expanded 
Spemanns experiments to define the early inductive interactions in lens differentiation and to 
determine the plasticity of ectoderm to respond to these influences. For many years the results 
remained confusing because of the variety of organisms used, the difference in experimental 
conditions, and the absence of good cellular markers which would enable investigators to decipher 
the origins of the tissue involved. 
Working with Rana palustris and Rana .sylvatica, Lewis (1904, 1907) assayed the ability of 
the presumptive lens ectoderm to form lens in the absence of optic cup, and the ability of the optic 
cup to induce lens formation in non-lens ectoderm. Working with head and tailbud stage embryos, 
he transplanted the optic cup to a position under the flanking ectoderm and observed that lenses 
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frequently formed. In addition, when the presumptive lens ectoderm was replaced with ectoderm 
from the abdominal region, in both homoplastic and heteroplastic transplantations, this resulted in 
stimulation of lens differentiation. This evidence supported Spemanns proposals and the conclusion 
that there is no special predetermined area of ectoderm, which must be stimulated in order that a lens 
may form, rather contact with the optic cup was the determinative step. 
These results were contradicted by a number of workers who removed the eye anlage in the 
optic vesicle stage and reported lens formation in the absence of the optic vesicle in Rana palustris 
(King, 1905), fish (Mend, 1903), Rana esculenta (Woerdeman, 1939), Xenopus laevis (Balinski, 
1951), Triturus alpestris (Mangold, 1954) and Triturus rorosus (Jacobson, 1955). Prompted by these 
results, Spemann (1912) repeated his experiments and obtained negative results in Rana fusca, but 
extending his work to Rana esculenra and Bombinator pachypus and obtained lens formation. 
Experiments with a variety of organisms involving transplanting belly ectoderm over optic cup have 
produced conflicting results (Reyer, 1958a & b). These early experiments proved to be insufficiently 
controlled since host and donor tissues could not be easily distinguished, it is unclear from which 
tissue the lens formed, but the advent of specific dyes which labelled either host or donor tissue 
allowed these interactions to be deciphered (Leidke, 1951; Henry and Grainger, 1987). Lewis 
(1904,1907) did not use a host and donor marking scheme so there is a possibility that some lenses 
may have arisen from presumptive lens ectoderm adhering to the transplanted optic vesicle. Identical 
experiments were performed using horseradish peroxidase as a lineage marker, and demonstrated that 
the optic vesicle cannot elicit lens formation (Grainger et al., 1988). Also the use of heteroplastic 
grafts allowed host and donor tissues to be distinguished (Reyer, 1958a & b). Differences in 
experimental temperature havealso been blamed for contradicting results. Spemanns (1901) original 
experiments with Rana esculenta were performed at 15°C while Woerdemans (1939) contradicting 
experiment in the same organism were at 25 °C. This effect was investigated by rearing embryos at 
high and low temperatures and examining the temperature dependence of lens forming ability in 
Taricha torosa (Jacobson, 1958). Optional temperature for lens formation in the absence of optic cup 
is 16°C when 63% of transplantations produce lenses (12°C produce 59% and 250C only 9% in Rana 
esculenta) (Jacobson and Sater, 1988). 
Despite these contradictions, studies of this nature suggested that the optic cup is not the sole 
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inducer, and that earlier inductive interactions must play a role. An extensive series of transplantation 
experiments substantiated this suggestion. It was demonstrated that the optic cup is not a substantial 
inducer of the lens in tissue which has not been exposed to an earlier series of inductive interactions 
which take place during gastrulation and neurulation in Xenopus laevis (Henry and Grainger, 1987). 
Transplantation of belly ectoderm of Amblystoma punctatwn and Triturus viridescens viridescens, 
from donors of different stages (early gastrula, stage 10, to early head bud, stage 22) to hosts of 
varying stages, demonstrated that during middle to late gastrula stages, competence for lens 
formation is a property of belly ectoderm, and therefore the entire presumptive ectoderm (Reyer, 
1958a & b; Leicike, 1951 & 1955). In conclusion, it is now accepted that inducers which operate in 
development before contact with the optic cup occurs, must play a role. 
In an attempt to define the nature of earlier inducers of lens formation, investigations into the 
role of foregut endoderm, lateral and prechordal mesoderm were carried out. These tissues are 
brought close to the presumptive lens region, by morphogenic movements during the process of 
gastrulation, and therefore are good candidates for early lens inducers (Vogt, 1929, Reyer, 1958). 
Jacobson (1966) investigated the ability of these tissues to act as pre-optic inducers by explanting 
lens ectoderm with various combinations of these underlying tissues and assaying their lens forming 
ability. 31% of lens epidermis explanted with pharyngeal endoderm, produced lenses in the absence 
of optic cup, whereas only 14% produced lenses when explanted with heart mesoderm. When lens 
epidermis was explanted with both heart mesoderm and pharyngeal endoderm, lenses formed in 42% 
of explants, suggesting that the lens-inducing effects are additive. The temporal pattern of lens-
inducing ability in these tissues and the ability of non-optic ectoderm to respond to these signals was 
also investigated. Gastrula epidermis transplanted to the lens region of neurula at the open plate stage 
produced lenses in 71%, but gastrula transplanted to the lens region of neurula as neural folds are 
closing resulted in only 28% lens stimulation. At the time of implantation, the latter missed a period 
of lens induction in the host which occurs between late gastrula and neurula stage 
These experiments indicate that the endoderm and the mesoderm play an equally important 
role in lens induction as the retina. ( A graphic model of these results is presented in Figure 1.7) 
They also demonstrate that at least two additional factors must be considered; first, there are changes 
in the inducing capacity of tissues to induce lenses, and that this capacity is lost as the inducer 
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Figure 	A graphic model of lens induction in a Salamander. The abscuissa represents time 
and is marked off in arbitrary stage and numbers. The response curve is logarithmic, being a sum 
of past induction.The capacity of the inductor tissue is linear. (Figure reproduced from Jacobson, 1966) 
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differentiates. Secondly, normally occurring changes in the spatial relationships between the inducer 
and prospective lens ectoderm modify the response. For example, although the lens is no longer 
under the influence of the endoderm as it moves away, the endoderm still has lens inducing capacity. 
Distance modifies the response. 
The combined inducing influences of the endoderm and the heart mesoderm during the 
neurula stages means that induction is particularly intense at this stage. More recently, carefully 
controlled experiments were performed in Xenopus laevis (Henry and Grainger, 1987; Grainger et al., 
1988) using horseradish peroxidase as an intracellular lineage marker to assess the exact origins of 
any lens induced. The results demonstrated that at the gastrula stage, ventral ectoderm has the 
potential for lens formation, while at the neurula stage it does not. The potential for lens formation 
becomes restricted to the lens ectodermal region later in development during the time of neurulation. 
But even though lenses may form in explant experiments using neurula as hosts, lens differentiation 
will not be completed without additional induction. Although lens ectoderm explanted with heart 
mesoderm and pharyngeal endoderm produced lenses in 42% of cases, these lenses did not fully 
differentiate, were smaller than normal and eventually regressed (Jacobson, 1966). This indicates that 
the optic cup has a secondary role in induction and is necessary for completion of lens differentiation. 
In addition to positive inductive interactions at least one factor has been identified which 
inhibits lens formation. Cephalic neural crest cells are naturally excluded from the lens placode 
region by virtue of the close association between the neural and surface ectoderm. These cells have 
been shown to inhibit lens formation in the surface ectoderm in the region around the optic vesicle, 
thus positioning the lens directly over the optic cup (Henry and Grainger, 1987). A clear 
demonstration of this effect was achieved by removing either the neural plate or the entire neural 
plate with neural folds from mid neurula in Triton taeniatus (Von Woellwarth, 1961). 26.5% 
produced lenses in the absence of neural plate whereas 95% produce lenses in the absence of neural 
plate and neural folds. Thus at least three times more lenses were formed in the absence of neural 
crest cells . Embryos in which only neural plates had been removed, lacked the optic vesicle and 
neural crest cells could therefore penetrate the presumptive lens placode area inhibiting lens 
formation. In embryos in which neural folds had been removed, the inhibitory effect of neural crest 
cells was eliminated and lens formation proceeded. 
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152 The optic cup and lens induction 
There is now good evidence that the optic cup and later retina are required for continued lens 
growth and lens fibre differentiation. This has been demonstrated in a number of experiments in 
which the formation of 'free lenses' has been reported in the absence of optic vesicle (Spemann, 
1966; Balinski, 1957). In most cases the morphology and size of these free lenses does not approach 
normal. Reyer (1966) explored this possibility and studied implanting lens vesicles from embryonic 
Amblystoma macularum or Notophrhalmus viridescens embryos, into the dorsal fin or eye chambers 
of larva, in the absence or presence of host lens. In vesicles implanted into either the dorsal fin or the 
anterior chamber, lens vesicles differentiated into lens with fibres however, their structures remained 
small. However when these tissues were transplanted into the posterior chambers of lentectomised 
eyes, not only did they differentiate into lenses with fibres, but they also reflected the growth rate of 
the donor lenses in normal eyes. Presence of host lens seemed to retard this growth rate suggesting 
that the lens produced a factor which is important in the control of lens size. 
There is a continued influence of the retina on the lens. Removal of the retina in four day old 
chicks results in cessation of lens growth for a short time (Coulombre, 1965). Lens fibre elongation 
and differentiation, as characterised by specific patterns of crystallin expression, begins on the 
aqueous side of the lens (Campbell and McAvoy, 1984). The corneal side of the lens consists of a 
layer of 'younger' lens epithelium. The possibility that factors from the retina could influence fibre 
differentiation originally arose when it was observed that rotation of the chick lens through 180 
degrees, so that the epithelium faces the vitreous body rather than the cornea, results in 
reorganisation of the lens cells (Coulombre, 1965). The 'older' lens fibre, which now faced the 
cornea, was seen to stop growing. The 'younger' lens epithelium, now exposed to the retinal factors, 
elongated and differentiated into lens fibres. This effect was also demonstrated in mouse and rats 
(McAvoy and Fernon, 1984). In vitro experiments where culturing retinas were grown on millipore 
filters with lens epithelium found stimulation of both 0- and y-crystallin synthesis (McAvoy, 1980). 
These experiments suggested that the retina secretes one or more factors which promote lens 
fibre differentiation. Recently a substance which promotes and directs lens fibre differentiation, has 
been isolated from the vitreous humor (Beebe et al., 1980). The origin of this substance (Lentropin), 
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which is related to insulin like growth factor, is unknown but it is possible that it is secreted by the 
retina into the vitreous. However the isolation of basic and acidic fibroblast growth factor from 
neural retina, and their identification as potent inducers of both lens fibre and crystallin suggests that 
these molecules may be the in-vivo inducers (McAvoy and Chamberlain, 1989). 
Thus lens induction is a sequential process which requires an initial transient stimulation by 
the pharyngeal endoderm and heart mesoderm resulting in lens placode formation. The lens vesicle 
facilitates stimulation by virtue of its close association with the surface ectoderm. This association 
excludes neural crest cells from the presumptive lens placode region and allows placode formation to 
proceed. Lens vesicle formation results and continued growth and differentiation of the lens requires 
factors from the retina and vitreous. 
15.3 Induction of the optic cup 
Invagination of the optic cup occurs concurrent with indentation and circularisation of the 
lens placode. On the tenth day of development in the mouse, the lens vesicle invaginates to form a 
bilayered optic cup. While the inner layer remains thick and differentiates into the retina, ciliary body 
and iris, the outer layer remains thin and constitutes the pigmented epithelium. The simultaneous 
invagination suggests that these processes may be dependent. This process has not been the subject 
of such intense investigation as lens induction. In amphibians, it has been suggested that lens 
invagination affects optic cup invagination. In Norophthalmus viridiscens eyecup formation was seen 
to occur when lens formation was inhibited (Reyer, 1950), additional abnormalities were observed, 
for example the anterior chamber was absent while the posterior was smaller, and the neural retina 
was abnormally thick and folded. Most studies in amphibians report that when explants of optic 
vesicle are grown in the absence of lens ectoderm, invagination of the optic cup does not occur. 
However, if lens ectoderm is included, invagination proceeds (Lapashov, 1946; Lapashov and 
Stroeva, 1961). But, under certain conditions, these two processes are separable in chick (Hilfer, 
1983). Precocious invagination can be stimulated by treatment with adenosine triphosphate (ATP) or 
with an ionophore which selectively increases intracellular calcium concentration (Palmiter and 
Hilfer, 1977; Brady and Hilfer, 1982). In addition incubation of chick heads with tunicamycin (which 
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specifically inhibits glycosylation of glycoprotems) inhibited optic cup formation and small lens 
vesicles were formed (Hilfer et al, 1981). These experiments suggest that lens invagination and optic 
cup invagination are not coupled but do not rule out a role for surface ectoderm (or lens placode) in 
optic cup invagination. 
It has been suggested that the surface ectoderm has a role in retinal differentiation. If the optic 
vesicle and surface ectoderm fail to contact, the presumptive retinal region forms pigment epithelium 
(Dragimarov, 1936), and it has been demonstrated in frogs and newts, that the neural retina can be 
induced in the presumptive pigment epithelium of the eye, providing contact with the ectoderm or 
auditory vesicle is established (Detwiler and vanDyke, 1953). One of the initial factors determining 
the differentiation of pigment epithelium in amphibians is contact with the mesenchyme which 
envelops the wall of the eye (Stroeva,1960). When contact with this mesenchyme occurs, the optic 
vesicle cells flatten, arrange in one layer, and accumulate pigment. Pigmentation is greatly increased 
when vascularisation is established, while in the absence of mesenchyme and blood, vesicle cells 
give rise to neural retina (Stroeva, 1960). These experiments indicate that adhesion of the optic 
vesicle to the surface ectoderm stimulates retinal differentiation, while contact of the remaining optic 
vesicle with the surrounding mesoderm, with close proximity to surrounding blood vessels, promotes 
thinning and formation of the pigment epithelium. 
Most of the experiments characterising the roles of inducing and responding tissues during 
development of the eye have been performed on amphibians. To what extent do these processes 
reflect what is happening in the mammalian eye? It is known that some of the inducing substances 
can act across species, as bovine cornea extracts can stimulate Axolotl retinal development in culture 
(Cuny and Malacinski, 1986), but are the tissue interactions conserved between amphibians and 
mammals? In newts the pigment epithelium has the capacity to transdifferentiate into other 
components of the eye e.g. neural retina, lens and iris, throughout life. In other animals, this tissue 
has this capacity during early embryonic stages, but loses the ability to transdifferentiate when 
pigmentation occurs e.g.fish and birds (Stroeva, 1960). Investigating the potential for this phenomena 
in mammalian eyes, Stroeva (1960) performed transplants of regions of the embryonic rat eye to the 
adult anterior chamber, in an attempt to elucidate whether the external layer of the mammalian eye 
rudiment is able to transform into retina, and whether differentiation of the external layer depends on 
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contact with the mesenchyme. It emerged that, prior to pigmentation onset, the external layer of the 
eye is able to transdifferentiate into retina, and that differentiation of the pigment epithelium depends 
on contact with mesenchymal tissue. Therefore it would appear that in this respect the developing 
mammalian eye obeys the same rules that have been elucidated for lower organisms. 
1.6.1 Induction by the lens 
The lens induces a number of structures in the eye including the cornea, iris and ciliary body. 
Initially, competence to form cornea is widespread in the developing surface ectoderm. 
Transplantation experiments (similar to those described above) have revealed that, under the 
influence of the lens vesicle and later the lens, potential to form cornea becomes restricted to a 
precise area. The precise alignment of the cornea is achieved because of the continuing inductive 
influence between the lens and the corneal epithelium (Lopashov and Stroeva, 1961). 
Induction of the ciliary body and iris is also thought to be under the direct influence of the 
lens. Following invagination of the optic cup, the inner layer has the potential to differentiate into the 
retina, ciliary body and iris. Contact with the lens at the edge of the optic cup is thought to induce 
iris/ciliary body formation. The first suggestion that the lens has a role in iris/ciliary body 
differentiation came when it was observed that in mice with congenital eye malformations, 
iris/ciliary body only formed in the regions where the lens contacted the optic cup (Giroud, 1957). 
Investigating the ability of the rat optic cup to undergo transdifferentiation, it was noticed that 
transplanting eye rudiments from 11.5 and 12.5 day p.c. embryos into the anterior chamber of adult 
rats, resulted in differentiation into neural retina only. Neither ciliary body nor iris formation were 
noted. Differentiation of the iris and ciliary body was observed when the experiment was repeated 
including lens placode ectoderm with the transplant. This suggested that differentiation of the ciliary 
body and iris required the presence of lens material and that the lens could induce any region of the 
inner layer to form ciliary body and iris (Lopashov and Siroeva, 1961; Stroeva, 1963,1967). Similar 
conclusiorwere reached, when the interactions of the lens epithelia. and the inner layer of the optic 
cup were investigated, in rabbits (Clavert, 1972), although in these experiments it was reported that 
only the edge of the optic cup can respond to the lens stimulus. The disparity between these results 
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could be due to species differences or to variation in the age of transplanted material. 
1.62 The nature of the inducer 
Although many of the tissue interactions which lead to formation of the individual 
components of the eye have been well investigated very few of the morphogens have been identified. 
A potential inducer of lens fibre differentiation has been isolated from the vitreous humor (lentropin, 
see section 1.3.2) but factors which induce lens placode formation of lens vesicle or optic cup 
formation are as yet uncharacterised. The identification of inducing substances in other systems has 
come from a careful dissection of the events involved in the inducing and responding tissue. These 
analyses have demonstrated that at least in-vivo, a variety of substances can act as inducers and these 
are not necessary species specific. 
Ever since the first demonstration of induction by Spemann and Mangold (1924), attempts 
have been made to isolate substances which duplicate this effect. The study of mesoderm induction 
in amphibians has again provided a clue. It had been postulated that cytoplasmic determinants 
localised in the egg, and differentially distributed, direct differentiation of blastomeres into discrete 
cell types. The induction of mesoderm is a critical stage in Xenopus development, establishing the 
body plan of the future adult. Embryonic manipulations in Xenopus (Nieuwkoop, 1969) have 
demonstrated that the third embryonic layer, the mesoderm, arises by an inductive interaction 
between the prospective ectoderm and endoderm. If cells from the vegetal pole are explanted and 
allowed to grow they develop into endodermal tissue (gut), while explanted animal pole cells form 
ectodermal tissue (epidermis). When animal pole cells are put into contact with vegetal pole cells, 
they change their fate and differentiate into mesodermal tissues (muscle, kidney, notocord, and 
blood). Nieuwkoop concluded that vegetal pole cells produce a mesoderm-inducing signal and the 
animal pole cells have the capacity to respond to this signal. 
A number of factors have been demonstrated to induce mesoderm formation, including some 
already characterised before the process of mesoderm induction was described. One of these is a 
highly purified protein isolated from chick embryos, which induces endodermal and mesodermal 
tissues in gastrula ectoderm in Triturus (Tiedmann, 1968). This protein has been called 'vegetalizing 
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factor' because these tissues are normally derived from the vegetal end of the embryo. In addition 
Tiedmann has characterised a crude neuralizing factor which induces forebrain structures in gastrula 
embryos. Diverse extracts such as Guinea-pig bone marrow (Toivonen, 1953) and carp swim bladder 
(Smith, 1989) have also been demonstrated to induce mesodermal cell types from isolated newt 
ectoderm. 
Classical embryology studies credit cytoplasmic determinants' with mesoderm induction. 
More recently, work from several laboratories, indicate that peptide growth factors may be the 
cytoplasmic determinants long sought by embryologists. Two maternal RNAs have been described 
which are specifically localised in the unfertilized Xenopus oocytes (Rebagliati et al., 1985), Vgl 
localised in the vegetal pole and An found localised in the animal pole (Weeks and Melton, 1987). 
These RNAs are maternally inherited and persist in the embryo through to cleavage where 
degradation occurs. Of the two, Vg] has been characterised in more detail and encodes a new growth 
factor which is related to the TGF-f protein family. The predicted protein product shares 40% 
identity to mammalian TGF4 in the conserved region. Due to its localisation in the vegetal 
hemisphere and its similarity to TGF-3 the favoured hypothesis is that Vgl is secreted from cells in 
the vegetal pole and interacts with cells in the equatorial region, to induce mesoderm formation, 
although there is as yet no direct proof of this. 
At the same time two other factors which induce mesoderm formation were identified. The 
first was XTC-I'vllF (Smith, 1987), a soluble factor which can induce mesoderm formation in isolated 
animal cap cells, and the second, purified bovine basic fibroblast growth factor (bFGF) which can 
stimulate the formation of mesoderm from animal cap cells (Slack, 1987, Smith,1987). XTC-MIF 
is similar in structure to TGF-P and its effects are concentration dependent. High concentrations of 
XTC-MIF induce notochord, and progressively lower concentrations induce muscle, followed by 
mesenchyme and mesothelium (Smith et al., 1988). These tissues are considered to be more dorsal, 
and interestingly the most ventral mesodermal tissue, red blood cells, are not induced with XTC-MIF. 
In contrast, high doses of bFGF induce muscle differentiation whereas lower concentrations induce 
red blood cell types (Godsave, 1988). These findings suggest that embryonic counterparts of XTC-
MIF, bFGF and TGF-B may act mesoderm inducers and establish dorso-ventral gradients along the 
embryonic axis. A TGF-f-like factor may act as a dorsal component with bFGF representing the 
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ventral component. 
The discovery that mammalian growth factors can elicit mesoderm formation in-vitro 
prompted Kimmelman and Kirschner (1987) to ask if these factors were active in-vivo. Screening for 
a Xenopus counterpart of bovine bFGF they isolated an mRNA with 89% homology to the C-
terminus of FGF which is found from oogenesis through to gastrulation. Furthermore, it was 
demonstrated that bovine bFGF has a limited capacity to induce muscle actin expression in animal 
cap cells, but that addition of mammalian TGF-0 raises the level of actin expression to that normally 
seen in the embryo. Together these results suggest that pre-localised maternal bFGF and TGF-13 
related proteins (Vgl) may act as natural mesoderm inducers, both FGF being required for initial 
induction and TGF-f3 acting in synergy to stimulate mesoderm induction. 
Several general consequences can be drawn from the study of mesoderm induction. Firstly, it 
demonstrates that molecules previously identified as mitogens may act as intracellular signals and be 
responsible for some of the inductive interactions involved in establishing body plan. Secondly, these 
signal mechanisms are remarkably conserved between species, with the Xenopus FGF homologue 
being very similar to its mammalian counterpart. Furthermore a related gene, Decapenraplegic 
(DPP-C), is one factor responsible for establishing the dorso-ventral pattern and for morphogenesis 
of the imaginal discs in Drosophila (Padgett et al., 1987). The terminus of DPP-C contains a domain 
with considerable similarity to TGF-f and to Vgl. DPP-C is proposed to be a secreted product, 
which is responsible for determining the dorsal structures in the developing embryo . This evidence 
strongly suggests that growth factors have an ancient and fundamental role in controlling 
differentiation in many species. 
A second class of molecules have been identified which may also act as morphogens. 
Evidence is accumulating supporting a role for retinoids, vitamin A derivatives, in specifying the 
pattern of connective tissue differentiation in embryonic chicken limb and in the regeneration of 
amphibian limb (Eichelle et al., 1985; Bnckell and Tickle, 1989). Although substances involved in 
the induction of either lens placode formation, retinal differentiation, corneal and ciliary body 
induction, have not yet been identified, it is possible that some of these molecules (growth factors 
and or retinoids) may play a role in shaping the development of the eye. Recent experiments in 
which acidic and basic FGF have been shown to induce lens fibre differentiation and crystallin 
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expression (McAvoy and Chamberlain, 1989), in addition, differential expression of retinoic acid 
receptor genes have been shown during eye development also lend support to this view (Dolle et al., 
1989) 
1.7 Homeobox containing genes 
Cells acquire identity based on their original position in the early embryo. Both epigenetic 
factors (such as induction) and genetic factors (e.g. transcription factors) contribute to the 
determined state of the cell. Once a cell becomes determined, it maintains its identity despite loss of 
positional cues. Establishment of identity is thus position dependent while its maintenance is 
position independent. 
The roles played by genes in elaborating the body plan of an embryo are best understood for 
the fruit fly Drosophila melanogas:er. A hierarchy of genes act successively to refine positional 
information in the developing embryo. Recently our understanding of these processes has been 
expanded by the identification of two groups of genes in Drosophila, which contain either homeobox 
consensus sequences or zinc finger motifs in their DNA binding domain. These genes are required 
for regional specification in the developing Drosophila embryo and were identified through genetic 
analyses of lethal complementary groups with cuticular defects (Lewis, 1978; Nusslein-Vothard and 
Weischaus, 1980). Since mutations in these genes produced altered spatial patterns of development 
and affected expression of other developmental regulatory genes, these genes were prime candidates 
for developmental and transcriptional regulators (Hafen et al., 1984). 
1.7.1 Identification of the homeobox 
Homeobox-containing genes were originally identified as members of a group of mutations in 
Drosophila. In these mutations, known as homeotic mutations, one body segment was transformed 
into another, normally found in a different part of the body. These mutations reveal genes which act 
to confer identity upon a particular group of cells in the embryo. In Drosophila these genes fall into 
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Figure 1.8 Schematic representation of the interaction of the homeobox proteins with DNA. 
(reproduced from Brennan and Mathews 1989). 
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two clusters on the right arm of the third chromosome. These clusters encompass maternal (Frigerio 
et al., 1986) and segmentation (Scott and Weiner, 1984) genes in addition to homeotic genes. For 
example the Antennaepedia (ANT-C) is located at chromosomal position 84AB and is required to 
establish identity in the head and thoracic segments. The homeotic genes in the Bithorax complex 
(BX-C) are located at position 89E and establish identity in the trunk regions, including the second 
thoracic through eight abdominal regions. 
Cloning of these genes facilitated the identification of a conserved motif, the 'homeobox' 
(Gehring, 1987). This is a 180 base pair (bp) conserved stretch of DNA which codes for 60 amino 
acids . This motif has been proposed to be a DNA binding domain on the basis of its similarity to 
regulatory proteins in bacteria (cro and repressor proteins of bacteriophage lambda and CAP proteins 
of Escerischia coli) and yeast (MATa1 and MATa2) (Laughton and Scott, 1984; Shepherd et al., 
1984). Since the above proteins interact with DNA via a helix-turn-helix motif, it was shown that 
homeobox containing genes interact with DNA via a similar helix-turn-helix motif. It is proposed 
that this DNA binding homeobox structure comprises two a-helices: helix 3 encompasses the 
'recognition helix' and fits into the major groove of DNA directly contacting exposed bases, while 
helix 2 lies across helix 3, holding it in position, making non-specific contacts with DNA (Figure 1.8) 
(Brennan and Matthews, 1989). The two helices are connected by a f'-turn. Recently NMR studies 
have confirmed this structure for homeopeptides (Qian et al., 1989). The Antennaepedia 
homeodomain in solution consists of four helices, with the second and third comprising the helix-
turn-helix motif. In addition, nuclear localisation of homeobox containing proteins supports the 
proposal that they bind DNA (Beachy et al., 1985; Carroll and Scott, 1985). 
1.7.2 Homeobox genes code for transcription factors 
A hierarchical series of genes which act sequentially during development, has been identified 
in Drosophila, through the study of mutations which produce altered developmental temporal and 
spatial patterns. These genes fall into five classes:(1) The maternal genes which encode products 
which are asymmetrically distributed in the oocyte and trigger position specific activation of zygotic 
gene expression (MacDonald and Struhi, 1986; Nusslein-Volhard et al., 1987); (2) The gap genes are 
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the first zygotic genes to be transcribed and mutations in these cause multiple adjacent segments to 
be missing from the embryo (e.g. Kruppel, Knirps and hunchback, Scott and Carroll, 1987); (3) The 
pair rule genes, in which mutations cause alternate segment size units to be missing (e.g. fushi 
tarazu (ftr), Haften et al. 1984; hairy (h) Ingham et al., 1985); (4) Segment polarity genes, in which 
mutation cause deletion of part of a segment, replacing it with a mirror image of the remaining 
structure (e.g. engrailed (en) Kornberg et al., 1985; wingless (wg) Baker, 1987) and (5) the homeotic 
genes, which control segment identity. Homeobox-containing genes have been identified in four of 
these classes i.e. maternal, pair rule, segment polarity and homeotic genes. 
As well as acting sequentially, these genes have been shown genetically to interact with each 
other. The altered spatial patterns of transcription of some segmentation and homeotic genes 
observed in Drosophila embryos mutant forther homeobox-containing genes is consistent with the 
hypothesis that homeodomain- containing proteins are regulators of transcription (Hafen et al., 1984; 
Ingham and Martinez-Arias, 1986; DiNardo et al., 1987). Further support for this theory comes from 
evidence that homeobox containing proteins exhibit in vitro DNA binding activity, to promoter 
regions of genes which they regulate in vivo (Desplan et al., 1985; Laughton et al., 1988; Beachy et 
al., 1988). Purified Ultrabithorax (Ubx) protein binds tightly in vitro to sequences near its own 
promoter and near the P1 promoter of Anip, a gene normally regulated by Ubx (Beachy et al., 1988). 
Similarly the bicoid (bcd) protein of Drosophila, which has been proposed to interact with the 
segmentation gene hunchback (Jib), has been shown in vitro binding to a number of hb DNA 
sequences (Struhl et al., 1989). 
The binding specificity of these homeoproteins has been investigated, and shows that 
homeodomain proteins bind to specific DNA sequences in the upstream region of genes regulated by 
them and that this binding specificity is mediated by the recognition helix (helix 3). For example the 
bicoid protein binds to a nine base pair consensus sequence, TCTAATCCC, which is found upstream 
of the hb start site (Driever and Nusslein-Voihard, 1989). A site which is distinct from those bound 
by other homeoproteins. Two other specific binding sites have been characterised, TCAATTAAAT 
(Desplan et al., 1988) and (TAA)n (Beachy et al., 1988), these are bound by engrailed, even-skipped, 
Ubx, abdominal-A andftz (Desplan et al., 1988; Beachy et al., 1988; Hanes and Brent, 1989). Bicoid 
does not bind these sites, but replacing a single amino acid in the recognition helix (TAQVIKJ"4%PKJ4 
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to TAQVKIWFQN) (helix 3), to resemble that of the Antp class of homeodomain proteins 
(ERQIKIWFQN), facilitated binding of this mutant usual bicoid protein to the Antp sites 
(TCAATFAAATGA), and not the bicoid site (TCAATCCCTA), suggesting that this particular 
residue (residue 9) is important for interaction of this protein with DNA. 
Further evidence supporting the importance of the homeodomain in DNA-protein interactional 
and transcription regulation comes from 'helix swap' experiments (Wharton and Ptashne, 1985). Two 
homeobox containing proteins, Deformed (Dfd) and Ubx, have been shown to positively autoregulate 
their own expression in embryonic cells (Bienz and Tremmi, 1988; Kuziora and McGinnis, 1988). 
These genes contain very similar homeobox sequences, with identical recognition helices. Replacing 
the Dfd homeobox with the Ubx homeobox resulted in a chimeric protein which could no longer 
activate transcription from the deformed gene, but, transcription of the Antp gene was effective in 
activation(Kuziora and McGinnis, 1989). Ubx protein normally represses Antp transcription from 
promoters P1 and P2 (Boulet and Scott, 1988) but this chimeric Dfd-Ubx protein activates the P1 
promoter and only weakly activates P2. Most activator proteins contain two domains: a DNA binding 
recognition domain and an activating domain that is usually rich in acidic amino acids (Ptashne, 
1988). It is proposed that the Ubx homeodomain is responsible for the DNA binding specificity to the 
Amp promoter while the upstream region comprising the Dfd sequence confers activation. Upstream 
regions of Ubx lack acidic regions but the Dfd regions are very rich in acidic amino acids, hence 
changing repression of Anrp to activation .(Kuziora and McGinnis, 1989). Besides supporting the 
proposal that the homeodomain is involved in DNA binding, these results also suggest that even 
closely related homeodomain sequences have different target specificities. They also suggest that 
regions outside the homeodomain are required for transcription regulation. 
More recently, using coiransfection assays in cultured Drosophila cells, it has been shown that 
homeodomain proteins can both activate (Antp and ftz, Winslow et al., 1989) and repress (even-
skipped represses transcription at the Ubx promoter, Biggin and Tjian, 1989) transcription from 
specific promoters in vitro and in vivo. Furthermore, evidence that homeodomain proteins act as 
transcription regulators comes from the identification of a homeodomain in some known 
transcription factors. The yeast Mata2 protein, which regulates cell type binding to operator 
sequences and represses transcription of a-specific cells contains a homeobox (Hall and Johnson, 
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1987). Also, more dramatic evidence comes from the identification of the POU homeodomain in a 
number of known mammalian tissue-specific factors. The POU domain (POU = Pit-1, Octlt2, Unc-
86) can be divided into an N- terminal 74 amino acids POU-specific domain, and a C-terminal POU -
homeodomain. The recent cloning of Oct-i and Oct-2, a lymphoid and non-lymphoid-specific 
transcription factor respectively (Ko et at., 1988), and of Pit-1 (Ingraham et al., 1988)/GHF-1 
(Bodner et at., 1988), a pituitary-specific transcription factor have facilitated identification of this 
domain. This 160 amino acid domain is also the product of the unc-86 gene of Caenorhabditis 
elegans (Verrijzer et al., 1990). 
1.7.3 Evolutionary conservation of organisation and expression of homeobox 
containing proteins 
One of the most interesting aspects of the homeobox motif is its conservation in evolution. 
This phenomenon has allowed the isolation of homeobox-containing genes from other organisms. 
One of the first vertebrate homeobox-containing genes to be isolated was from Xenopus laevis 
(XlHbox 1, Carasco et at., 1984). Subsequently, a number of homeobox-containing genes were 
isolated in mouse (McGinnis et at., 1984; Jackson et al., 1985; Bogarad et at., 1989; Davidson et at., 
1988) and man (Levine et at., 1984; Boncinelli et at., 1985). 
Initial analysis of the expression of homeobox genes in Drosophila demonstrated that these 
genes are under tight temporal and spatial control during development, in situ localisation of 
transcripts encoded by these genes in conjunction with the localisation of antibodies made to 
homeodomain fusion proteins, has allowed precise localisation of their regions of expression during 
development (Levine et at., 1983; Chadwick and McGinnis, 1987; Beachy et at., 1985). In this way it 
has been shown that these genes are expressed in the embryonic ectoderm, in the central nervous 
system (CNS) and in the mesoderm (Carbera et al., 1987; Romani et al., 1987; Frasch et at., 1987; 
Carroll et al., 1988). Examination of the temporal and spatial patterns of expression of individual 
classes of homeobox-containing genes, revealed that the time of appearance of their RNA and 
protein products reflects what is known from their regulation by classes of earlier genes (Carroll et 
at., 1988). Furthermore, many homeodomain genes are expressed in a segmentally-restricted 
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manner, their domains of expression corresponding directly to the segments that are affected by 
mutations in these genes, (Harding et al., 1985). In addition, expression is detected before 
morphological differentiation of segmental structures. This evidence strongly supports the proposal 
that in Drosophila homeobox containing genes act as controlling genes, important both in 
establishing the segmentation pattern and in specifying and maintaining segment identity. 
The important controlling developmental roles played by these genes in Drosophila, 
suggested that they may play analogous roles in vertebrate development. The isolation and 
characterisation of a number of mouse homeobox containing genes has confirmed this hypothesis. It 
is now clear that homeobox containing genes are present in a wide range of eukaryotic regulatory 
genes. The mouse homeobox containing genes are similarly expressed in derivatives of the 
ectoderm, the CNS and the PNS (peripheral) and mesoderm derived tissues (Gaunt et al., 1986; 
Sharpe et al., 1988; Bogarad et al., 1989; Hill et al., 1989) and share similar and sometimes 
overlapping patterns of expression in the same tissue (Gaunt et al., 1988; Holland and Hogan, 1988). 
Compelling evidence has recently emerged which suggests that these genes, like their Drosophila 
counterparts play a role in establishing positional information in the embryo. In-situ hybridisation 
with Hox-2.9 to sections of the developing mouse embryo has revealed that this gene respects 
segment boundaries in the developing hindbrain. Morphologically, the developing hindbrain consists 
of a number of repeated units, the rhombomeres, and Hox-2.9 expression is precisely localised to 
rhombomere 4, suggesting that it is important in establishing positional information in the hindbrain 
(Murphy et al., 1989). 
A number of homeobox genes have now been identified in the mouse. These genes are 
organised into at least four tightly linked clusters, Hox-i on chromosome 6, Hox-2 on chromosome 
11, Hox-3 on chromosome 11 and Hox-5 on chromosome 2 (Duboule et al., 1986) with engrailed 
related-i (En-1, Joyner and Martin, 1976) on chromosome 1 and engrailed related-2 on chromosome 
5 (En-2, Davis et al., 1988; Davidson et al., 1988) and Hox-7 also on chromosome 5. Analysis of 
homeoprotein sequences demonstrates that some genes have regions of identity outside the 
homeodomain which allow them to be identified as individual homologues to specific Drosophila 
genes (Wright et al., 1987; Featherstone et al., 1988). Genes within these subfamilies are more 
related to each other than to their chromosomal neighbours. The sequence, organisation and patterns 
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Figure 1.9 Diagrammatic representation of the relationships between Drosophila 
and Murine homeobox gene clusters. 
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Different members of a related sub family are represented by a vertical row of boxes. Both the marine 
and Drosophila clusters show a correlation between their organisation and patterns of expression along 
the anterioposterior axis of the embryo. Filled black boxes represent sequenced homeodomains. 
(reproduced from Graham et al., 1989). 
of expression of the Anrp-like genes in vertebrates, suggest that the Hox gene complexes are true 
homologues of the Drosophila homeotic gene complexes (HOM-C). Furthermore, the order of genes 
within the Hox and ibM-C clusters are similar, each vertebrate gene being in an equivalent position 
within a cluster to its Drosophila counterpart. This suggests that these clusters are descendants of a 
gene family which was distinct before vertebrates and invertebrated diverged (Gaunt et al., 1988; 
Duboule and Dolle, 1989, Graham et al., 1989; Akam, 1989). 
The organisation of genes within both the ANT-C and BX-C in Drosophila, appears to 
coincide with the anterior/posterior patterns of expression. The more distal along the chromosome a 
gene is positioned, the more posterior are the segments in which the gene is expressed (Figure 1.9). 
Similarly organisation of the mouse genes on the chromosome reflects their boundaries of expression 
in the developing embryo (Graham et al., 1989; Gaunt et al., 1988; Duboule and Dolle, 1989). The 
homology in both structure and organisation and expression in an anterior to posterior direction of 
mouse and Drosophila homeobox containing genes suggest that the clusters arose by duplication and 
divergence from an ancestral cluster (Hart et al., 1987; Schughart et al., 1989; Kappen et al., 1989). 
1.7.4 Homeobox genes and induction 
That homeobox-containing genes might mark the first genetic response to inducing signals 
was suggested by the observation that some homeodomain proteins are expressed in gradients within 
developing embryo before tissue specific markers are detectable. Xhox-3 is one of the first homeobox 
genes to be expressed in Xenopus, eight hours after fertilization (Ruiz i Altaba and Melton, 1989a). 
Subsequently, it is expressed during the early stages of development in a gradient along the anterior-
posterior axis, highest levels being found in the posterior regions. Injection of large amounts of Xhox-
3 protein into the fertilized eggs resulted in the formation of embryos which lacked anterior 
structures (Ruiz i Altaba and Melton, 1989b). This suggested that high levels of Xhox-3 are not 
sufficient to specify posterior development, but rather inhibit anterior structures, while low level 
expression is required for anterior development. 
The tie between embryonic induction and expression of homeobox genes came when it was 
demonstrated that growth factors might induce homeobox expression. MIX-1, a homeobox containing 
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gene from Xenopus, was shown to be induced by XTC-MIF, a mesoderm inducing growth factor 
(Rosa, 1989). This gene is expressed from the blastocoel floor to the vegetal pole but is undetected 
in the animal hemisphere (in mid blastula), and in this respect is reminiscent of Vgl RNA expression 
(Weeks and Mellon, 1989). Subsequently, it was demonstrated that growth factors could similarly 
influence levels of Xhox-3 expression. Incubating animal caps with either XTC-MJF or basic 
fibroblast growth factor was shown to induce mesoderm formation and expression of Xhox-3. While 
incubation with XTC-IvllF resulted in low levels of Xhox-3 expression and formation of anteriorised 
mesoderm, treatment with bFGF induced high levels of Xhox-3 and formation of posterior-like 
mesoderm (Ruiz i Altaba and Melton, 1989c). These results were seen at levels of Xhox-3 which 
mimic those found naturally in A/P mesoderm and were verified when animal caps, incubated with 
either XTC-MIF or bFGF, were transplanted into the blastocoel of a gastrula. XTC-MTF transplants 
produced low Xhox-3 levels and induced formation of a secondary axis (including head, trunk and 
tail) whereas bFGF transplants had high levels of Xhox-3 and produced tail structures. So these 
experiments suggest that induction is a two step process, involving an initial production of peptide 
growth factors and a secondary induction of homeobox-containing genes. These genes may then act 
by activating and repressing groups of genes responsible in turn for the formation of the individual 
components of the embryo. 
1.8 Zinc finger DNA/RNA binding proteins 
A second class of DNA-binding proteins has been identified through the study of Xenopus 
laevis transcription factor,TFIIIA. TFIIIA together with TFIIIB and TFIIIC, form part of the 
initiation complex, which is required for initiation of transcription of the 5S RNA gene. Interaction 
of TFIIIA with 50 nucleotides in the internal control region is the primary event in the activation of 
these genes (Bogenhagen et al., 1980; Engelke et al., 1980). Computer analysis revealed that this 
binding domain consists of nine tandemly repeated units of 28 to 30 amino acid residues, containing 
two invariant cysteines and two invariant histidines in each repeat (Miller et al., 1985). It is proposed 
that the coordination of Zn2+ ions by these residues forms an independent domain, the zinc finger 
(Figure 1.10)( Rhodes and Kiug, 1986). Each domain is thought to interact with the major groove of 
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Schematic representation of the structres of a zinc finger. A, shows the arrangenemt of the amino acids in 
the finger showing the co-ordination residues, cysteine (C) anh histidine (H). This is a Kruppel like finger 
showing the conserved H-C link. Amino acids are: X, any amino acid, F, Phenylalanine; L, Leucine, P. 
proline; T, Threonine; G, Glycine; E, Glutamic acid; K, Lysine and Y, Tyrosine. B, shows the proposed 
configuration of the protein, containing two beta-pleated sheets connected to an alpha helix 
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DNA (Fairall 	_1986). 
The proposal that zinc finger domains interact with DNA is further supported by the 
observation that the finger tip regions usually contain basic amino acids which can make contact with 
the phosphate backbone of DNA. Three dimensional analysis of the structure of a single finger from 
Xfin-31, a Xenopus gene with 31 fingers indicates that each finger consists of a well- defined cc-helix 
attached to two antiparallel 3-sheets (Lee et al., 1989). The a-helix is proposed to be the region that 
interacts with target DNA. 
Subsequently, finger-type domains have been identified in a large number of genes from both 
vertebrate and invertebrate species. It now seems likely that there are a large number of these genes 
possibly approaching one thousand, and some of these are arranged in clusters on different 
chromosomes (meeting report, ICRF zinc finger meeting, 1990). These fall into two classes the Cysi-
Hisz class of which TFIIIA is the prototype and the Cys2-Cys2 class which is characteristic of the 
receptor family of zinc finger proteins. One of the first classes of zinc-finger containing genes 
identified which contain a number of Cys2-1 -Iis2 repeat domains is typified by the Drosophila gap 
gene Kruppel. This gene encodes a stage specific transcript expressed in the thoracic and five 
abdominal segments from blastoderm to gastrulation. Kruppel forms part of the hierarchy of genes 
which are required for normal segmentation and development of the Drosophila embryo. Embryos 
carrying strong mutations in Kruppel lack thoracic and five abdominal segments (Preiss et al., 1985). 
The gene contains one incomplete and four complete repeats, of a core Cys-X2-Cys-X3-Phe-X5-Leu-
X2-1-Iis-X3-His concensus sequence (X can be any amino acid: Rosenberg et al., 1986), with a 
conserved linker sequence, Thr-Gly-Glu-Lys-Pro-(or Phe)-X (called the H-C link), which connects 
the last histidine of each finger to the first cysteine of the following one. This linker sequence defines 
the Kruppel family and has proved a useful tool with which to isolate zinc finger containing genes 
from other organisms e.g. mouse (Chowdhury et at., 1987; Chavrier et al., 1988), human (Cunliff and 
Trowsdale, 1990; Lania et at., 1990). Two other members of the family of gap genes possess zinc 
finger units in their DNA binding domain, these are hunchbach and /c'zirps. These genes 
characterise a new subfamily of DNA binding proteins, in addition to homeobox containing genes, 
that are required for development (Schuh et al., 1986). 
Since the identification of the TFIIIA zinc finger, this definition has been expanded to include 
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other classes of finger-type domains, including proteins which have CysX"Cys ... CysXnCys or 
CysXnCys...HisXnCys as their coordination residues. This has allowed characterisation of a number 
of other genes which contain zinc finger motifs revealing these domains to be present in variable 
numbers in a vast range of proteins with a wide variety of functions. Other Drosophila 
developmental genes such as serendipity 0 and y (Vincint et al., 1988) and tramtrack (Harrison and 
Travers, 1990) contain kruppel- related zinc fingers. Transcription factor Spi (Kadonaga et al., 1987) 
together with a number of early growth response genes Egr-1, EGR-2 and EGR-3 from humans 
(Christy et al., 1988) and Krox-20 and Krox24 from mice (Chavrier et al., 1988) also contains zinc 
fingers. 
The second class of zinc finger domains are defined by the steroid receptor superfamily. These 
are characterised by a 
domain (Evans and Hollenberg, 1988; Umesono and Evans, 1989 e.g. oestrogen receptor, 
glucocorticoid receptor and retinoic acid receptor). A gene found amplified in a subset of human 
brain tumors defines another Kruppel-related family, the GLI family. This concensus sequence Cys-
X4-Cys-X3-Phe/Tyr-X5-Leu-X2-His-X34-His also contains the conserved Kruppel H-C link (Ruppert 
etal., 1988). 
The conservation and structural homology of the finger motif between genes suggests that it 
evolved from a single functional unit. The proposed function of this unit is to bind DNA to modulate 
gene function. This theory is supported by two lines of evidence. The first of these is the direct 
demonstration that genes containing these sequences bind DNA. For example, Kruppel, which from 
genetic evidence regulates Knirps, binds to regions of DNA upstream of the Knirps gene in vitro 
(Pankratz et al., 1989; Stanojevic et al., 1989), and the mouse hindbrain segment specific gene Krox-
20 encodes a zinc finger protein with binding sites in the promoter region of Hox-1 .4 (Chavrier et al., 
1989). The second, is that mutation within the finger repeat units, eliminates the function of the 
protein. As already discussed mutation of the second Cys in the Kruppel zinc fingers produces lack 
of a functional protein which suggests that this structure is an essential region of the protein 
(Redmann et al., 1988; Gaul et al., 1989). Similarly, the specific binding of glucocorticoid receptor 
(GR) to its steroid response element, can be altered in finger swap experiments, in which the entire 
GR DNA binding domain is replaced by the thyroid hormone receptor DNA binding domain, and 
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specificity is similarly converted (Umesono and Evans, 1989). Specificity of GR can also be altered 
so that it weakly activates GR and strongly activates oestrogen receptor, by the substitution of the 
Glu of GR for the Gly of oestrogen receptor, at a position between the second pair of Cys residues 
in the first zinc finger of these receptors (Danielson et al., 1989; Umesono and Evans, 1989). 
The list of zinc finger-containing genes is expanding. This motif is present in a large number 
of proteins with a variety of different functions, ranging from developmental genes (gap genes), 
receptor proteins, genes involved in cancer progression (Egr- 1 and the putative gene which causes 
Wilms tumor) to genes involved in position-effect variegation (Suvar in Drosophila, Reuter et al., 
1990). In addition, the motif is evolutionary conserved, found in many species from yeast through 
Xenopus and mouse to man. That the unit is conserved through evolution suggests that it arose by 
gene duplication with subsequent adaption to the DNA binding specificities required encompassing 
gene. This unit provides a simple method by which regulation of explicit gene transcription could be 
achieved in a spectrum of genes through modifications of the amino acids in the finger regions, 
facilitating differerent DNA binding specificities (such as demonstrated in the steroid receptor 
genes). Regions outside this unit provide additional information required for the functional adaption 
of the protein. 
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Aim of this thesis 
The molecular biology of the mammalian eye is not well characterised. A number of genes 
have been identified in the retina and most of these are involved in the phototransduction pathway. 
Relatively few genes have been identified which are involved in the development or maintenance of 
the eye. From classical embryological studies, a large body of information is available on the early 
events in eye development. The genes which drive these events have not yet been characterised. 
Therefore the aim of this thesis was to isolate genes involved in retinal development or maintenance 
Ise 
and to characterthe role which specific genes play in retinal development and function. 
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CHAPTER TWO 
Materials and Methods 
2.1 Mammalian cell culture 
2. 1.1 Maintenance of cells and cell lines in culture 
Cells were grown in Eagle's modified Dulbecco's or RPMI 1640 medium (Flow Laboratories), 
supplemented with 10% foetal calf serum (Gibco Bio-cult) which had been heat inactivated at 56°C 
for 30 mins. All cultures were grown at 37°C in 25, 80 or 175cm2 plastic flasks (Nunc), in a 10% 
CO2 atmosphere. 
Monolayer cultures were split when confluent by trypsinising. Cells were washed twice with 
—3mls trypsin (trypsin 0.5g glucose 1g. EDTA 0.1g, 50m1 saline D concentrate/litre). Saline D 
concentrate consists of 0.24g Phenol Red, 160g NaCl, 8.Og KC1, 0.9g Na2HPO4, 0.6g KH2PO4/litre. 
The cells were then detached by a final incubation with trypsin. 
0.5m1 batches of cells, containing —1 x 106  cells, were stored in freezing medium (10% 
DMSO, 90% foetal calf serum) in liquid nitrogen. 
2.1.2. Preparation of RNA from mammalian cells 
Cells were grown in 175cm2 flasks until confluency was reached. With a sterile scraper cells 
were removed into Smls of ice cold PBS. Cells were precipitatefor 5 minutes at 5K and resuspended 
in 2mls of Lithium chloride / urea solution (6M Urea, 3M LiCl). To break open the cells and shatter 
the DNA, this solution was sonicated on ice at 22 microns for 3 X 20 seconds. The sonicated 
solution was incubated at 4 0C o/n and RNA precipitated at 10K for 15 minutes at 4 0C. The pellet 
was resuspended in lml of LiCl/Urea solution and incubated at 4 0C for 2 hours. RNA was precipitate4 
as before and the pellet resuspended in imI of Tris/SDS (10mM Tris pH8, 0.5% SDS). This solution 
was heated to dissolve the pellet and lOOug/ml of proteinase K was added and incubated at 37 0C for 
30 minutes. 
lml of phenol (buffered with 0.1M Tris HC1 pH8 .0, and containing 0.1% 8-hydroxyquinoline, 
0.2% 8-me, p117.4) was added, followed by chloroform/octan-2-ol (24:1). After gentle mixing, the 
lysate was spun at 2K, 5 mins to separate the organic and aqueous phases. The RNA was extracted 
twice with 1:1 phenol/chloroform then with chloroform alone, and precipitated at 0 °C by the addition 
of sodium acetate to 03M, and two vols of 100% ethanol. RNA was pelleted at 8K, 20 mins, at 4°C, 
washed in 70% ethanol and resuspended in DEPC H20 and heated to 37 0C for 15 minutes to dissolve 
the pellet. The yield of RNA was estimated by measurements of the optical density (OD) at 260nm 
and 280nm (RNA at a concentration of 40pg/ml has an OD260nm = 1). 
2.2. Bacterial Culture 
2.2.1. Media used for the culture of E.coli 
L-Broth: lOg tryptone (Difco); 5g yeast extract (Difco); lOg NaCl: 2.46g MgSO 4 
per litre pH7.2. 
L-agar contains in addition 15g agar/litre and 6.5gfl for top agar. 
C-Y agar: lOg casamino acids (Difco); 5g yeast extract; 3g NaCl; lOg agar; per litre pH7.2. 
Top CY agar contains 6.5gIl agarose in place of the agar. 
H agar: lOg trypton; 8g NaCl; 12g agar; per litre pH7.0. 
This agar reduces the number of satellite colonies when plating out bacterial transformations. 
H-top agar contains only 8g agar/litre. 
2xTY broth: 16g Na2HPO4; lOg yeast extract; 5g NaCl; per litre pH7.0. 
Terrific Broth: 12g tryptone; 24g yeast extract; 4m1 glycerol; per 800m1. 
KPO4 Buffer: 170mM KH2PO4; 720mM K2HPO4. 
KPO4 buffer and terrific broth were autoclaved separately and before use lOOmI of KPO4 
buffer was added to 800ml of broth. This broth produced particularly high yields of plasmid from an 
overnight culture. 
Minimal agar: 15g agar; lml 1M MgSO4; lml 0.1M CaC12; lml 1M thiamine HC; lOmi 20% 
glucose. 
Reagents were sterilised separately then mixed when cool. Where appropriate, antibiotics 
were added to media and agar. Most bacteria were grown at 37°C, with good aeration for liquid 
cultures. Stocks of bacteria were stored at -70 °C in 20% glycerol. Cultures which were to be 
infected with bacteriophage lambda were grown in the presence of 0.4% maltose. This induces the 
synthesis of the maltose transport protein, required for absorption of phage onto the surface of E.coli 
cells. These cells were stored at two fold concentration in 10mM MgSO4 at 4°C for up to 1 week. 
2.2.2. E.coli strains 
BNN102: hsdR-, hsdM+,supE, thr, thi, lacYl, tonA21, hflAl5O(chr::TnlO) (Huynh et al., 
1985). 
This strain is used for the propagation of vectors. As with other strains used for cloning 
DNA it is an E.coli 1(12 derivative, but is deficient in restriction (hsdR-) to protect the introduced 
DNA. hsdM hinders sequence specific modification. SupE suppress UAG amber mutations. 
JM83: ara, deletion(lac-proAB), rpsl, 080d lacZ MIS (Vieira and Messing, 1982). 
A K-12 host for pUC plasmids, carrying the IacZ M15 on a 080 integrated into the 
chromosome. Contains 30S ribosomal subunit protein s12. 
JM101: deletion(lac proAB), thi, supE, FtraD36, pro AB, lac lqZ MIS, restriction:(rk+,mk+), 
mcrA+. 
Strain used for the propagation of M13. Since IM1O1 contains the laclq mutation which 
overproduces the lac repressor, isoproyl-l-thio-B-D-galactoside (1PTG) must be added to induce 13-
galactosidase synthesis (MUller-Hill et al, 1968). 
2.3. Vectors used for cloning in bacterial cells 
2.3.1. Plasmid vectors based on Puc 18119 
The pUC series of plasmid vectors are based upon pBR322 (Bolivar et a!, 1977) retaining 
both a high copy number, and the ampicillin resistance gene (B-lactamase) (Vieira and Messing, 
1982). All of the pUC vectors contain a polylinker (see Fig.2. 1) inserted into the B-galactosidase gene 
(lacZ). Non-recombinant plasmids are able to synthesize this enzyme, which breaks down 5-bromo-
4-chloro-3-indo!yl-B-D-galactoside (XGal), to release a blue indolyl derivative. In recombinant 
plasmids the lacZ gene is interrupted by foreign DNA, thus the colonies remain colourless. 
pTZ18I19: This vector in addition has the T7 promoter inserted in phase with the LacZ gene 
to allow RNA transcription. In addition it contains the intergenic region of of ssDNA bacteriophage 
fl gene to allow production of single strand DNA. It also contains the universal and reverse primers 
sequencing DNA. This vector contains the B-lactamase gene and the Col El origin of DNA 
replication of pBR322 ligated to a portion of the lacZ gene of E.coli. When the plasmid is introduced 
into Lac minus E.coli strains and plated on the appropriate indicator plates, blue colonies are 
obtained. A multiple cloning sit is located in the LacZ gene, therefore cloning a fragment into this 
site inactivates the gene (if a sequence without anmopen reading frame is inserted), resulting in white 
colonies. pTZ contains the ampicillin resistant ce gene. Plating transformants on L-agar plus 
lOOp.g/ml ampicillin allows their selection. 
Bluescribe: This vector is similar to pTZ described above. In addition to the forward and 
reverse primer for sequencing, this vector contains the 17 and T3 primers for the production of sense 
and antisense RNA. It also has the fl gene to allow production of ssDNA template. 
2.3.2. Vectors based on the single-stranded DNA coliphage M13 
M13, a single stranded (ss) DNA filamentous phage of E.coli infects cells via the F.pilus. 
Replications occurs via a double-stranded (ds) replicative form (RF) giving rise to ss progeny virions. 
Sc, 
M13 has been developed as a cloning vector for DNA sequencing (Messing, 1983; Norrander et al, 
1983). They incorporated the E.coli LacZ gene under the control of the Lac operon into the genome 
and incorporated a multiple cloning site into the - - LacZ gene. Foreign DNA is cloned into the 
polylinker of the M13 RF. Therefore, in the presence of the gratuitous inducer IPTG, only 
nonrecombinant plaques will produce a blue colour when plated on the colourimetric substrate X-gal 
because they will be able to hydrolyse X-gal. Recombinant phage will produce white plaques 
allowing easy identification and isolation. Annealing of an oligonucleotide (17mer) next to the 
polylinker of the ss form allows inserts to be copied by Klenow fragment of E.coli DNA polymerase 
I. As for the pUC plasmid vectors, recombinant molecules can be identified by the disruption of the 
lac Z gene using the x-gal assay 
2.4. Manipulation of bacteriophage DNA 
2.4.1 Plating a Lambda GT1O library 
Lambda GT1O is designed for cloning small cDNA fragments into the unique EcoRl site 
in the polylinker. They are grown in E.coli strains which carry the hfll5O mutation because 
recombinants are cloned into the EcoRl site in the ci gene and thus are ci. The nonrecombinant 
phage is cI+ (this J  gene codes for a repressor). In hfl strains the amount of cii accumulates. This 
gene is a positive regulator of ci and therefore is increased. Lytic growth is slowed down and it 
enters a lysogenic state. But in recombinant strains the ci gene is inactivated due to the presence of 
foreign DNA in the EcoRl site and the growth is not restricted in hfl strains. 
The library contained 1X10 10 plaque forming units per ml (pfulml) and was diluted to 
5x104 pfu/ml for small 9cm plates and 1x107 for 20x2Ocm plates in SM. lul of phage was used to 
infect bacteria BNN102 strain (200u1 for 9cm and 800ul for 20x2Ocm plates) in 10mM KC12. The 
phage and cells were incubated at 37 0C for 20 minutes to allow the cells to express the receptors and 
therefore the phage to absorb to the bacteria's. Molten Top agar (3ml for 9cm and 30m1 for 20x20) at 
50°C was added and vorte4ed gently and the contents poured onto plate of L-agar plus tetracycline 
at 12.5 jig/ml. Top agar was allowed to harden and then plates incubated, inverted at 37 0C overnight 




2.4.2 In-situ hybridisation of bacteriophage lambda library 
The method used is a modification of Benton and Davis (1977). This technique was used to 
localise a particular lambda clone within the library, with the DNA of interest inserted into lambda 
DNA. Once the library is plated to a suitable density, bacteriophage and DNA are transferred onto 
nitrocellulose. The DNA 'is denatured and irreversible bound to the filter by baking. The replica is 
then hybridized with the probe of interest. 
A piece of nitrocellulose was layered onto the surface of top agar which has been chilled to 
4°C. This was left to absorb the imprint of the phage plaques by capilliary action for 30 seconds. A 
syringe dipped in india ink was used to pierce through the filter and agar to make asymmetric marks 
as orientation markers. If more than one filter was required from each plate then succeeding filters 
were left to absorb phage for longer times (1 minute, two minutes, four minutes etc). Duplicate filters 
were oriented using the marks already on the agar from the first replica. The filter was then removed 
and placed on a piece of 3mm Whatmann paper soaked in denaturing solution for 2 minutes. The 
filter was neutralised in neutralising solution for 4 minutes and washed in 2 x SSC (300mM Sodium 
citrate, 3M Sodium chhloride) for 2 minutes. The replicas were then air dried and baked in the 
vacuum oven for 1 hour at 80 °C. The filters were stored at room temperature until required for 
hybridisation. 
2.4.3. Picking a lambdaphage plaque 
imi of SM plus 1 drop of chloroform was added to a polyproplyene tube. Top agar from a 
single clear plaque was picked with a sterile pasteur pipette. The plaque was shaken in the 
polypropylene tube for 2 hours at room temperature. One plaque was estimated to contain 106 
pfu/ml. 
2.4.4. Large scale isolation of phage DNA 
5Z. 
Phage were adsorbed to plating cells (BNN 102) at ratios ranging from 1:200 to 1:1, then 
mixed with L-top agar and plated on 20X20 L-agar plates plus tetracycline and grown overnight. 
Plates with complete lysis were chosen for DNA isolation. Thirty millilitres (ml) of phage broth was 
poured onto the plates and shaken at room temperature for three hours. This allowed the phage to be 
absorbed by the buffer. The phage buffer plus phage was removed into a 50m1 falcon tube and one 
tenth the volume of chloroform added and incubated at room temperature for 20 minutes. Cells and 
cell debris were pelleted at 2.5K, 4°C for 10 mins and RNase and DNase I added to the supernatant, 
each to a concentration of lpg/pl. After incubation at room temperature for 30 mins, an equal vol of 
20% PEG 6000, 2M NaCl in SM was added and the phage left to precipitate out at 4°C for 1 hour. 
The phage particles were pelleted at 10K, 4°C for 20 mins, resuspended in 4ml SM plus 2.6g of 
caesium chloride. The refractive index was adjusted to 8 010'-8012' and with CsCl and SM. The 
phage was banded in a fixed angle rotar at 40K, 18 °C, for 16 hours. The equilibrated phage band 
was removed from the gradient and dialysed in 10mM NaCl, 50mM Tris pH 8, 10mM MgCl2 at 4 °C 
for one hour to remove CsC1. This dialysis was repeated. The phage were burst open by incubation at 
65°C for 1 hour with 0.5% SDS, 20mM EDTA pH8.0 and 50p.g/ml proteinase K. The DNA was 
then purified by a series of phenol, phenol/chloroform and chloroform extractions before ethanol 
precipitation. The DNA was dissolved in 50i.l TE and lul used for electrophoresis to estimate the 
concentration of DNA. 
2.5. Manipulations of plasmid DNA 
2.5.1. Preparation of E.coli competent for transformation by plasmid DNA 
The conditions under which E.coli cells will take up DNA have been well studied (Hanahan, 
1983). JM83 cells were made highly competent to take up plasmid DNA and transformed by the 
method of Hanahan (1983), with special care being taken to ensure that all glassware used was free of 
detergent. 
lOOml SOB plus magnesium were inoculated with a single colony of JM83 and grown at 
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37°C in a 175cm2 plastic tissue culture flask until OD560nm = 0.5. The cells were cooled on ice for 
10 minutes and all subsequent steps performed at 4°C. After pelleting at 2.5K, 4°C for 10 mins the 
cells were gently resuspended in 33ml of cold filter sterilised FSB (10mM CaC12, 10mM C113COOK, 
100mM RbC1, 45nM MnC12, 3mM hexamine cobalt chloride 10% glycerol, pH6.4). After 10 mins the 
cells were repelleted, resuspended in 8m1 FSB and 280pl DMSO (spectroscopic grade) added. 10 
mins later another aliquot of DMSO was added and 200p1 aliquots of the cells quick frozen and 
stored in liquid nitrogen. Efficiencies of up to 4 x 10 7 colonies/pg plasmid DNA were obtained 
using this method. 
2.5.2. Transformation of competent JM83 
An aliquot of competent cells was thawed at room temperature then left on ice for 10 mins 
before adding plasmid DNA (<lOpl). After 30 mins on ice the cells were heat-shocked at 42°C for 
90 seconds then returned to ice for a few mins. 800pl SOC (SOB + 20mM glucose) were added and 
the cells incubated at 37°C for 1 hour to allow for expression of B-lactamase. Prior to plating, cells 
were resuspended in SOB to remove DMSO, then spread on H agar containing 50pg/ml ampicillin. 
30pl XGa1 (2% in dlimethylformamide) were added to top agar if discrimination between 
recombinant and non-recombinant plasmid-containing colonies was required (Section 2.4.2). 
2.5.3. Screening of bacterial colonies 
The method used was an adaption of Grunstein and Hogness (1975). It was used to identify 
bacterial colonies with recombinant plasmids. 
A nitrocellulose filter was placed over an agar plate containing the colonies of interest. The 
filters were oriented with india ink as described for bacteriophage screening. This filter was used as 
the master filter. The colonies were grown on this filter and original plate, by placing it face upon 1-
agar and incubating at 37 0C for 4 hours. Alternatively individual colonies were gridded onto an a 
nitrocellulose filter layered on an l-agar plate, using a sterile toothpick. Duplicate filters were placed 
on top of the master and a weight rolled across to transfer the colonies. Duplicate filters were also 
grown for 4 hours. 
5L 
Each filter was soaked in 10% SDS for 10 minutes to lyse the bacteria. The DNA was 
denatured and neutralised and the filters processed as described in section 2.5.2. 
2.5.4. Small scale isolation ofplasmid DNA (Wilimzig, 1985) 
A piasmid-containing colony was grown overnight in 5m1 L-Broth plus M92 containing 
25pg/mi ampicillin. After harvesting the cells were resuspended in 200pl TELT buffer (50mM Tris-
HC1 pH7.5, 62.5mM EDTA, 0.4% Triton Xl00, 2.5M LiC1). 20l fresh 10mg/mi lysozyme (Sigma) 
were added and the cells placed in a boiling water bath for 1 mm. rRNA and protein were then 
allowed to precipitate out, due to the presence of LiC1, on ice for 5 mins and removed by 
centrifugation for 8 mins. The supernatant was extracted with phenol/chloroform and the piasmid 
DNA collected by ethanol precipitation. 
2.5.5. Small scale isolation ofplasmid DNA 
This method is a modification of Sambrook,Fritsch and Maniatis (1989). 
A plasmid-containing colony was grown overnight in 15m1 L-Broth plus Mg 2+  containing 
25pg/ml ampicillin. After harvesting the cells were resuspended in 50mM glucose, 20mM Tris-Ci 
pH8, 10mM EDTA (GTE) plus 10mg/mi lysozyme and left on ice for 10 minutes. Then 400 j.tl of 
alkaline/SDS (250mM NaCl, 1% SDS) was added and inverted several times. Tubes were placed on 
ice for 10 minutes. 300.t1 of 3M NaOAc was added and vortexed gently. Incubation on ice for 15 
minutes followed. The bacterial lysate was centrifuged at 10000 rpm for 15 minutes. The supernatent 
was removed and precipitated with 0.6 volume of iso-propanol. The DNA pellet was washed in 70% 
ethanol, air dried and resuspended in 30 ul of TE. 3j11 was used for digestion and electrophoresis to 
estimate the concentration of DNA. 
2.5.6. Large scale isolation ofplasmid DNA 
A method based on that of Birnboim and Doly (1979) was used to prepare large amounts of 
plasmid DNA. 
55 
500m1 L-Broth containing 25pg/ml ampicillin were inoculated with a single colony, and the 
culture grown overnight at 37 0C. After harvesting, the cells were resuspended in 18m1 solution I 
(50mM glucose, 25mM Tris-HC1 pH8.0, 10mM EDTA) and 2m1 solution I containing 10mg/mi 
lysozyme. After 10 minutes 40ml fresh 0.2M NaOH, 1% SDS were added and the lysate left on ice 
for 5 mins, after which time 20m1 cold 3M CH3COOK, 2M CH3COOH were added and incubation 
continued for 15 mins. Cell debris was pelleted at 8K for 5 mins and the supernatant strained through 
muslin. DNA was precipitated by the addition of 0.6 vols of propan-2-ol and collected by pelleting at 
8K for 5 mins. The pellet was washed with 70% ethanol, and resuspended to 13ml with TE. 1.58g 
CsCl and 1.5m1 of lOmg/ml ethidium bromide were added such that the refractive index of the 
resulting solution was 9.35-9.45. The plasmid DNA was banded by centrifugation in an 18ml 
polyallomer tube at 40K, 20°C overnight in a vertical rotor (which allows the CsC1 gradient to reach 
equilibrium rapidly). Plasmid DNA is more dense than the bacterial chromosomal DNA, due to 
plasmid supercoiling constraining the amount of EtBr which can be intercalated into the molecule. 
The plasmid band was collected under UV light (300nm) with a syringe and the EtBr removed by a 
series of extractions with butan-2-ol until no colour remained in the aqueous phase. The DNA was 
then precipitated with 3 vols of 70% ethanol. 
2.6. Manipulation of M13 DNA 
2.6.1. Preparation of JM101 cells competent for transformation by M13 DNA 
The method used is an adaption from Sambrook, Fritsch and Maniatis (1989). JMLO1 cells were 
streaked onto glucose minimal medium plates. This selects for cells carrying a plasmid encoding a 
gene involved in proline synthesis (the host cell has a deletion in this gene). The same plasmid is 
needed for synthesis of the F-pilus required for infection by M13. 
lml of an overnight culture of JMIOL was used to inoculate lOOm 1 2 x TY and the cells grown 
to OD550nm = 0.4. After harvesting the cells were resuspended in SOml cold 50mM CaCl2 and left 
on ice for 20 mins. The cells were then repelleted and resuspended in lOmI of the CaC12 solution, 
and stored at 4°C for up to 24 hours. 
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2.6.2. Transformation of JM1O1 by M13 DNA 
lng ds M13 DNA were added to 200pl of competent cells. After 40 mins on ice the cells 
were heat-shocked at 42°C for 90 seconds then returned to ice for 2 minutes. 200pl of a fresh 
exponential culture of JM1O1 were added. To identify recombinant phage-containing plaques, 'lOp! 
2% XGa1 and lOpl fresh 100mM 1PTG were incorporated and the mixture plated in top H-agar on H-
agar plates. 
2.6.3. Preparation of single-stranded M13 DNA 
lOOml 2 x TY were inoculated with lml of an overnight culture of JM1O1. An isolated M13 
plaque was added to 1.5m1 of these cells and grown at 37°C for 5-6 hours. The cells were 
precipitated by centrifugation at 10000k for 5 minutes. The supernatent was removed, then the phage 
particles precipitated by the addition of 200pl of 20% PEG 6000 in 2.5M NaCl. After 15 mins on ice 
the phage were collected by centrifugation and resuspended in 200p1 TE. After phenol, 
phenol/chloroform and chloroform extractions the ss M13 DNA was ethanol precipitated. 
2.7 Extraction of RNA from tissue 
The method used is a modification of methods described by Strohman et al. (1977). All glassware 
was pretreated with 0.1% di-ethylpyrocarbonate (DEPC) to remove RNases. Water was sterilised 
using 0.1% DEPC and autoclaved. Homogenisers were rinsed with 8M GHC1 and sterile water 
between homogenisation steps. 
2.7.1 Isolation of total RNA 
Tissue was removed from the organism under sterile conditions and placed in 20mls of 8M 
guanadine hydrochloride (8M GHC1, 10mM EDTA, 50mM Tris, pH7.5) per gram of tissue. The 
tissue was homogenised at top speed for 45 seconds. The solution was spun at 7K for 10 minutes to 
precipitate debris. The fat layer was discarded and 0.5 x volume of ice cold ethanol added to the 
supernatent and incubated at -20 °C for 45 minutes. To precipitate the RNA, the solution was 
centrifuged at 10K for 15 minutes. The pellet was dissolved in 6M GHC1, homogenised and 0.5 x 
volume of ice cold ethanol added to the supernatent and incubated at -20 0C for 45 minutes. The 
centrifuge step was repeated as before and precipitation with 6m GHC1 repeated as above. The pellet 
was then dissolved in sterile distilled water, homogenised and 0.5 X volume of filter sterilised 7.5M 
Ammonium acetate plus two volumes of ethanol added and precipitated at -20 °C o/n or -700C for 45 
minutes. centrifugation was repeated as above and the Ammonium acetate precipitation repeated. 
The RNA pellet was redissolved in sterile water and precipitated with 1/10 volume of 3M sodium 
acetate pH5 plus 2 volumes of ethanol at -70°C for 45 minutes. The RNA was recovered by 
centrifugation and the precipitation step repeated. The RNA pellet was dissolved in sterile water and 
its concentration and purity calculated reading its optical density at 268 and 280. 
If the RNA is pure then 0D260 =2 X OD 280. Also 1OD at 260 corresponds to 40j.tg or RNA. 
2.7.2 Selection ofpoly(A) RNA 
The method used to select poly(A)+ RNA was by affinity chromotography on oligo(dT)-
cellulose as described by Aviv and Leder (1972). Instruction were followed exactly as described by 
Sambrook, Fritsch and Maniatis (1989). 
2.8. Manipulation of DNA by enzymes 
2.8.1. Restriction endonuclease digestion 
Restriction endonucleases were purchased from: Anglian Biotechnology Ltd., Amersham 
International plc, Bethesda Research Laboratories, Boehringer Mannheim GmbH and New England 
Biolabs. 
Digests were carried out according to the manufacturers' specifications or in standard high, 
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medium and low salt buffers (Sambrook, Fritsch and Maniatis, 1989). Spermidine at 5mM was added 
to digests in high salt buffers. Reactions were stopped by heat inactivation, phenol extraction, 
freezing at -20°C or by the addition of EDTA to 10mM. 
2.8.2. Dephosphorylation of DNA 
To prevent unwanted ligation of certain DNA fragments, 5'-phosphate groups were removed 
by calf alkaline intestinal phosphatase (CAIP) (Chaconas and van de Sande, 1980). 5 units of CAIP 
(Boehringer Mannheim GmbH) were incubated with digested DNA at 37°C for 1 hour. The reaction 
was stopped by heat inactivation at 68 0C for 10 mins in the presence of 10mM EDTA, 0.1% SDS, and 
the CAIP removed by phenol, phenol/chloroform and chloroform extractions. 
2.8.3. Ligation of DNA molecules 
The enzyme ligase, isolated from E.coli infected with bacteriophage T4, catalyses the 
formation of a phosphodiester bond between 3'-01-1 and 5' phosphate groups of DNA (Weiss et al, 
1968). This enzyme can therefore be used to join complementary cohesive termini of ds DNA 
molecules. Ligations were carried out overnight at 15-16 0C with 0.5 units T4 ligase in 50mM Tris-
HC1 pH7.4, 10mM MgC12, 1mM spermidine, lOOjig/mi BSA, 1mM ATP, 10mM DTF. 
2.8.4 Filling in ragged ending DNA molecules using T4 DNA polmerase 
Bacteriophage T4 DNA poiymerase contains a 3' to 5' exonuclease activity that is more active 
in ssDNA than dsDNA. In addition it posesses a 5' to 3' polymerase activity. It is particularly useful 
therefore for 'blunt ending' digested DNA. Blunt end reactions were carried out at 37 0C for 30 
minutes in 1 x T4 DNA polymerase buffer (10 X = 330mM Tris acetate pH 8.0, 660mM potassium 
acetate, 100mM magnesium acetate, 5mM DTT, 1mg/mi BSA), 2mM dNTPs and 1-2 units of T4 
DNA polymerase per jig of DNA used. 
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2.9. Separation of DNA molecules by electrophoresis 
General techniques of electrophoresis were as described by Sealey and Southern (1982). 
2.9.1. Agarose gels for the analysis of DNA of 05 to 23kb in length 
Horizontal agarose gel electrophoresis was used to analyse DNA fragments of between 0.5 
and 23kb. Gels were 3mm thick, mini 5cm x 7cm, midi 11cm x 14cm and maxi 24cm x 21 cm. 
Agarose (Sigma, Type II) concentrations of 0.5 to 1.5% were used, depending on the size range to be 
resolved, and gels were made up and run in E buffer (800mM Tris, 400mM sodium acetate, 200mM 
EDTA pH8.2). DNA samples were loaded after adding a 1/10the vol of loading buffer (15% Ficoll, 
0.25% Orange G, 0.25M EDTA in 10 x E buffer). The Orange G serves as a visible marker for the 
migration front of small (200-500bp) DNA fragments. Gels were run at voltage gradients of up to 
10V/cm, then stained for 20 mins with a few drops of ethidium bromide (10mg/mi). Gels were 
photographed by overhead illumination with short wave (254nm) UV lamps (Mineralight). Kodak 
Technical Pan film was used together with a Polaroid MP4 land camera fitted with a red filter (Hoya 
25A), with an exposure time of 12 seconds. Films were developed for up to 10 mins in Ilford 
Microphen developer, stopped with 5% acetic acid and fixed in Amfix (May and Baker). 
2.9.2. Preparative agarose gel electrophoresis 
For the isolation of specific DNA fragments, horizontal agarose gels were run in E buffer. To 
visualise the DNA after staining a long wave (300nm) UV transilluminator was used, to minimise UV 
induced damage to the DNA. A cut was made in the gel isolating the band of interest. The Fragment 
was then mascerated with a sterile scapel and placed in a Costar SPIN-X column. This column contains 
a filter which allows the selective isolation of DNA from agarose by centrifugation. The column was 
spun at 40C in a bench top microcentrifuge for 15 minutes, then rotated 180 ° and spun for a further 
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15 minutes. The DNA was then precipitated from solution by ethanol precipitation with 1/10 volume 
of 3MNaOAc pH 5.5. 
2.10 Southern Blotting 
This technique was used to localise particular sequences of DNA within genomic DNA or 
within small pieces of cloned DNA and is accomplished as describes by Southern (1975) 
2. 10.1 In- situ denaturation of DNA 
DNA was digested with the appropriate enzyme and run on a horizontal gel as described (2.8, 
2.9). After the gel was photographed, it was denatured by gentle shaking in 500mM NaOH, 1.5M 
NaC1 for 45 minutes. The gel was neutralised in 1M Tris, 2M NaCI for 45 minutes and rinsed in 4 x 
SSc. 
2.10.2 Transfer of DNA to a membrane 
Denatured and neutralised gels were placed on a support over Whatmann 3mm filter paper 
soaking in 20 x SSC. Sides of the gel were sealed with clingfilm to prevent side diffusion or 
evaporation. A piece of Hybond-N or nitrocellulose, cut exactly to size and presoaked in distilled 
1120, was placed over the gel excluding air bubbles. Two pieces of Whatmann paper, cut to size were 
placed over the membrane and covered with several layers of paper towels. A weight was placed on 
top to facilitate capillary transfer of DNA to the membrane. Transfers were continued overnight. 
Lanes were then marked on the membrane which was removed and washed in 5 x SSC briefly. 
Nitrocellulose membranes were air dried and baked in a vacuum oven at 80 °C for one hour. Hybond 
filters were irradiated with ultraviolet radiation in a transilluminator according to the manufactures 
recommendations (Arnersham). Filters were then baked for one hour under vacuum at 80 °C. The 
membranes were then stored between Whatmann 3mm filter paper until required. 
2.11 Northern Blotting 
This techniuqe is used to localise specific fragments of RNA and is adapted from a 
modification of Sambrook, Fritsch and Maniatis (1989). 
2.11.1 Electrophoresis of RNA 
For a midi gel, ig of agarose was dissolved in 77m1s of distilled water and cooled to 55°C. 
5.1 mis of 37% formaldehyde were added with 20 mis of 5 x MOPS (200mM 
MorpholinOproPaneSufonic acid pH 7, 50mM sodium acetate, 5mM EDTA). The gel was poured and 
allowed to soiidfy for one hour at room temperature in the fume hood. 
RNA was prepared by adding lOj.ig of RNA to 2.5ul of formaldehyde, 2.5 p.1 of 5 x MOPS 
buffer and lOul of deionised formamide. This solution was made to 25 p.1 with distilled water and 
heated to 55°C for 15-30 minutes. 2ii.l  of bromophenol blue and lul of ethidium bromide at 1p.g/p.l 
was added and then loaded onto the gel. Gels were run 0/n in 1 x MOPS at 20 volts. 
2.11.2 Transfer of RNA to membrane 
Gels were photographed and rinsed in 10 x SSC for 20 minutes with shaking . This step was 
repeated. RNA was then transferred in 10 x SSC upside-down onto zetaprobe or Hybond-N as 
described for southern blotting. 
2.12 Preparation of probes for DNA hybridisation 
2.12.1 Nick translation of dsDNA 
The method used was as described by Sambrook, Fritsch and Maniatis (1989) for quantities of 
>500ng DNA. E.coli DNA polymerase 1 incorporates radioactive nucleotides ( 32P (X-CTP) into the 3' 
hydroxy terminus of nicked DNA. The enzyme has a 5'-3' exonuclease activity which removes 
nucleotides from the 5' end as it moves, thereby producing labelled DNA with a high specific 
activity. 
The BRL Nick Translation Kit was used for all reactions and procedure followed as 
recommended by the manufacturer. Incorporated DNA was isolated from unincorporated DNA using 
Pharmacia nick translation probe separation columes. The manufacturers recommendations were 
followed exactly. Probes were then denatured with 0.2M NaOH and heated to 90 0C for 5 minutes and 
added to the hybridisation reaction. 
2.12.2 Random prime DNA labelling 
The method used was an adaption of Feinberg and Vogelstein (1983, 1984). This method was 
used when only small quantities of DNA were available (<lOOng). Denatured DNA is used as a 
template for a mixture of all possible hexanucleotides which are hybridized to it. The 3' hydroxy 
terminus of the hybridized hexanucleotides is used as a primer to incorporate radioactive nucleotides 
(32P (x-CTP)into a newly synthesised complementary strand using the Klenow fragment of DNA 
polymerase 1. By this method DNA uniformly labelled to high specific activity is obtained. 
The Boehringer random prime labelling kit was used for all reactions and the manufactures 
protocol followed exactly. Pharmacia nick translation columes were used to separate incorporated 
nucleotides. 
2.12.3 End labelling DNA 
This method was used when oligonucleotide probes were required for filter hybridisation or 
sequencing with 32P. T4 Polynucleotide Kinase was used to catalyse the transfer of ['y-32P]ATP to 
the hydroxy group of the 5' terminus of newly synthesised oligonucleotides. 
The method used was an adaption from Sambrook, Fritsch and Maniatis (1989). 30pmoles of 
DNA oligonucleotides were incubated with 21.tl  of 10 x T4 polynucleotide kinase buffer (500mM 
Tns.Cl pH6, 100mM MgCl2, 50mM DTF, 1mM spermidine HC1, 1mM EDTA pH8), 40Ci [g-
32PJATP and lp.l of T4 polynucleotide kinase in 20u1 reaction volume, for 30 minutes at 37 0C. The 
reaction was heat inactivated at 80 0C for 10 minutes and the volume increased to 200ul. Reactions 
were stored at -20 0C for up to 48 hours. 
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2.12.4 Synthesis of cDNA for differential screening and subtractive hybridisation 
The method used is an adaption of Sambrook, Fritsch and Maniatis (1989). 2 p.g to 3p.g of 
poly (A)+ RNA was used as a template for 20ng of random prime hexamer or 20ng of oligo (dT) 18-
primer and denatured at 70 0C for 3 minutes. The cDNA synthesis reaction contained in addition, 
5mM spermidine, 66mM KC1, 50mM DTT, 10 units of RNasin, Mixture of dNTPs (1mM each), 40 
Ci/mmole [a- 32P]dCTP (for differential screening or 200 Ci/mmole for subtractive hybridisation), 
and made up to 20111 with DEPC 1-120. 20 units of reverse transcriptase was added and incubated at 
370C for 90 minutes. The reaction was stopped by addition of 1mM EDTA and 200mM sodium 
hydroxide. The reaction volume was adjusted to lOOj.tl and the incorporated fraction was isolated by 
sephadex G50 separation and the amount synthesises calculated after TCA precipitation as follows. 
jg of cDNA synthesised = cpm incorporated X limoles nucleotide added per reaction X 320igflLmole 
Total cpm 
2.13 Hybridisation techniques 
Hybridisations were carried out in sealed bags under water. If more than one filter was placed 
in a bag, a separating piece of plastic was used to allow the probe to penetrate between filters. The 
obtain efficient results, the probe must be hybridized for enough hours to allow complete pairing. The 
following formulae was used to calculate the number of hours required to reach C 0tia: 
1/X+Y/5 xZ/1Ox2= hours for C 0t 1 
X = weight of the probe in ig 
Y = complexity in Kb 
Z = Volume of reaction in mls 
Probes were hybridized for at 1-3 X Cotia, generally 0/n sufficed. The amount of unhybridised 
probe remaining was negligible. 
2.13.1 Filter Hybridisation of Southern blots 1 
The method used was a variation on the method of Sambrook, Fritsch and Maniatis (1989). 
This method was used when probing southern blots, cross species northern analysis or library screens 
with cloned DNA probes or their isolated insert. 
Filters were pre-hybridized for 30 minutes at 68 °C in 5 X SSC, 4 X denharts, 0.1% SDS, 0.1 
% PPi and 100tg/ml of denatured salmon sperm DNA in sealed bags. Denatured prepared probes 
were added directly to the hybridisation solution and hybridized with shaking 0/n. Bags were opened 
under wash solution (2 X SSC, 1%SDS, 0.1% PPi) at 68 0C and filters removed. This solution was 
replaced with fresh wash solution at 68 0C and incubated with shaking at 68 °C for 20 minutes. Filters 
were subsequently washed at increased stringency depending on the nature of the probe. For cross 
species hybridisation, filters were washes for a further 20 minutes in 1 x SSC, 1% SDS, 0.1% PPi at 
68oC. This step was repeated. For same species hybridisation, filters were washed for a further 20 
minutes in 1 x SSC, 1% SDS, 0.1% PPi at 68 0C. Filters were then air dried, wrapped in clingfilm and 
put under film overnight at -70°C. Pre flashed X-AR film was used for all filter hybridisations. 
2.13.2 Filter hybridisation of Southern blots 2 
This method was used when oligonucleotide probes were used. The pre-hybridisation solution 
is the same as in 2.9.1. The temperature of the hybridisation was calculated according to the 
following formulae: 
4(G+C) + 2(A+T) + 10= Temp °C 
Here G+C is the number of G nucleotides and C nucleotides in the oligo. Similarly A+T are 
the number of A nucleotides plus T nucleotides. Filters were hybridized with shaking o/n at the 
calculated temperature. Post hybridisation washes were carried out at room temperature in 4 x SSC, 
1% SDS and 0.1% PPi at the calculated temperature for twenty minutes. Washes were repeated until 
the background was reduce as monitored by a geiger counter. Filters were air dried and exposed o/n 
at -700C as described in 2.9.1. 
2.13.3 Filter hybridisation of Northern blots 
The method used is an adaption of Church and Gilbert (199). It was used for northern blot 
analysis of the same species. Filters were prehybridised in 500mM NaPi solution pH 7.2 (250mM 
Na21HPO4, 250mM NaOH2PO4, 7% SDS) at 68 0C for 1 hour in sealed bags. Prepared probes were 
added directly to the hybridisation solution and hybridized o/n at 68 0C. Post hybridisation washes 
were at 68°C in 40mM NaPi solution for 15 minutes. This step was repeated until background 
radiation was removed as monitored by the geiger counter. 
2.13.4 Su .tracrive hybridisation 
The method used was essentially as described by Hastie and Bishop (1976). 
2.14 Sequencing ss and ds DNA 
DNA sequencing was performed using variations of Sanger's dideoxy sequencing method 
(Sanger et al., 1977), using either ssDNA from M13 or dsDNA in pTZ or bluescribe. 
2.14.1 Dideoxy sequencing using "Sequenase" 
Sequenase is an altered form of T7 DNA polymerase (Tabor and Richardson, 1987) giving 
goog processivity, with a low 3' to 5' exonuclease activity. It is a useful enzyme for overcoming 
compression caused by secondary structure, as it can efficiently use dGTP analogues, 7-deaza dGTP 
and dITP (Mizusawa et al., 1986). 
The sequencing method recommended by the manufacturers of this enzyme (United States 
Biochemical Corporation) differs from the classical method of Sanger in two ways. First, The primer 
is annealed to ssDNA and sequenase adds nucleotides complementary to the template. During this 
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reaction only deoxynucleotides at limiting concentrations are used, causing random chain 
termination. Second, During the termination step, high concentrations of deoxynucleotides are used 
with one dideoxynucleotide. Thus synthesis continues until a dideoxynucleotides is incorporated 
causing chain termination, on average adds 12 nucleotides to each chain. Reactions are denatured 
and run on polyacrylamide gels. 
All sequencing reagents were provided by the manufacturer and sequencing reactions were 
performed exactly as recommended in the Kit. When double stranded sequences were performed, the 
DNA was first dried and denatured for 10 minutes in 40j.tl of 200mM Naoh at room temperature. 4tl 
of 3M Sodium acteate pH5.5 and 88j.iJ of ice cold ethanol was added and incubated at -70 0C for 15 
minutes. Denatured DNA was centrifuged in a bench top microfuge for 15 minutes, washed in 70% 
ethanol and air dried. The sequenase reaction was then followed using twice the concentration of 
primer recommended for the annealing reaction. All other steps were exactly as per manufacturers 
instructions. 
2.14.2 Sequencing using "Taquenase" 
Taquenase is a thermostable form of DNA polymrease isolated the thermophilic organism 
Thermus aquaticus strain YT 2 (Brock and Freeze, 1969). A recombinant Taq DNA polymerase is 
used for sequencing reactions. The thermostabl ility and enzymatic properties of Taq make it use for 
high temperature chain termination reactions, which can be very useful for sequencing pieces of 
DNA with high G::C content and therefore prone to secondary structure. This enzyme also has high 
processivity, absence of 3' to 5' exonuclease activity and is active at high temperature. This method 
also allows 7-deaza salts to be used. 
This method differs from the Sequenase reactions in two ways. First the extension reactions 
are carried out at 45 °C rather than room temperature. Second, the termination are performed at 70 0C 
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and not 37 C. 
This method was used for regions of DNA that had high G::C content. All reagents and 
reaction conditions were provided by the manufacturer (United States Biochemical Corporation) and 
followed exactly. 
2.15. Polyacrylamide gel electrophoresis of sequenced DNA 
2.15.1 Pretreatment of sequencing plates 
Sequencing plates were pre treated to allow the gel to selectively stick to one plate so that the 
gel could be dried down and exposed 'in-situ'. The plate to which the gel was to be dried was coated 
twice in 'stick'solution (30mls ethanol, 3001.11 10% glacial acetic acid and 401.11 g-
methacryloxypropylirimethoxysilane (Sigma chemical company)). The plate was air dried and then 
thoroughly washed twice in 100% ethanol. The second plate was coated in Dichlorodimethylsilane, 
air dried and washed in 100% ethanol. 
Sequencing spacer strips and comb were washed in ethanol. Plates were assembled using 
cellotape and dog-clips and the gel poured immediately. 
2.15.2 Preparation of Acrylamide gel for sequencing 
To make 200mls of acrylamide gel solution 84g of Urea was added to 40 mis of 5 x TBE (54g 
Iris, 27.5g boric acid, 4.65g EDTA, per litre). 30mls of 40% acrylamide stock was added and the 
solution brought to 200mls with distilled water. 40% acrylamide stock was made by adding 190g 
acrylamide to lOg bis-acrylamide, brought to 500mls with distilled water and stirred with 25g of 
Amberllite for 30 minutes to deionise. 
Per 40m1 of acrylamide gel 	solution, 40j11 	of TEMED (N,N,N'N'- 
Tetramethylethylenediamine) and 240111 of 10% ammonium persuiphate was added. This solution 
was gently mixed and poured between the prepared plates. 
2.15.3 Electrophoresis of sequencing gels 
Sequencing gels were run in 1 x TBE at 26 watts, 24milliamps, 1100 volts for 1 hour and 45 
minutes. Typically 1.8iil of each dideoxy reaction were loaded per lane. Metal plates were clamped 
to the surface of the sequencing plates to spread the heat and prevent 'smiling'. 
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When the electrophoresis was completed, the plates were separated and the plate with gel was 
soaked in 'fix' (10% Methanol, 10% Glacial acetic acid) for 10 minutes. The gel was washed with tap 
water for 10 minutes and then dried at 80 °C for 30 minutes. Sequencing gels were exposed at room 
temperature over night under Kodak XAR-5 film. Sequences were read and analysed using the 
Staden Package. 
2.16 In Situ hybridisation technique 
The method used was developed by Duncan Davidson and Elizbeth Graham (1989). 
2.16.1 Preparation of embryos 
A single albino female mouse was placed in each cage with a single albino male. The 
following the females were examined for the p[presence of a sperm plug. Positive females were 
separated from the males and this was considered "day zero". On designated days,females were 
sacrificed by cervical dislocation, foetus were removed into ice cold phosphate buffered saline (PBS) 
and staged according to morphological criteria. Embryos between 10 day post conceptus (pc) and 17 
days pc were then directly transferred into ice cold 4% paraformaldehyde (PFA) pH 7.2. and fixed 
at 40C o/n. Older embryos had their heads removed, were opened frontally and fixed in 4% PFA 0/n. 
2.16.2 Wax processing of staged embryos. 
Fixed embryos were rinsed in PBS for 30 minutes and then transferred into 0.85% NaC1 for 30 
minutes at 40C. Embryos were dehydrated in the following steps and all washes were carried out at 
room temperature. Two washes for 15 minutes in a solution of 1:1 0.85% NaC1:Ethanol (ETOH). 15 
minutes in 70% ETOH. 30 minutes in 70% ETOH. 30-60 minutes in 85% ETOH. 1 hour in 95% 
ETOH. 3 x 1 hour in 100% ETOH. Embryos were then incubated in a clearing solution "Histoclear" 
for 30 minutes. This step was repeated before an overnight incubation in "Histoclear. Embryos were 
then incubated for 3 X 60 minutes at 60 0C in molten wax. Copper blocks were used to embed 
embryos. Embryos were carefully oriented in the was blocks and allowed to soli&y under water at 
40C. Blocked were stored at room temperature. 
2.16.3 Wax sectioning of embedded embryos 
Histology slides were pretreated by washing in 10% HCL in 70% ETOH for 10 seconds. 
Slides were rinsed in distilled water and washed in 95% ETOH for 10 seconds and dried in the oven 
at 1500C for 5 minutes. Cooled slides were rinsed for 2 X 10 seconds in 100% ETOH, once in 
distilled water and baked at 42 0C until dry. 
Coverslips were prepared just before use and were soaked on 100% EtOH 0/n. Then dipped in 
100% ETOH, Silane for 20 seconds and air dried. Coverslips were rinsed in 100% EtOH, air dried 
and cut to size. 
Ribbons of 6u sections were Cut on a microtome. Embryo ribbons were cut into triplets and 
lowered onto a floating bath of distilled water at 55 0C to stretch and remove creases. Pretreated 
slides were used to carefully orient and remove wax sections. Sections were sealed onto the slides at 
600C o/n, desiccated and stored at room temperature. 
2.16.4 Transcription and preparation of RNA 
Inserts were cloned into p12 or bluescribe and promoters T7 and T3 were used to make sense 
and anti sense RNA probes for in-situ hybridisation to wax sections. 
To transcribe RNA from the required promoters, the following chemicals were added in this 
order at room temperature. 
6p. 1 of 5 x transcription buffer 
1.i1 of 1OmMrCTP 
1 p1 of 1OmMrATP 
1 p1 of 10mM rGTP 
1 ul of 1M DTF 
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3 LU of sterile H20 
12 111 of 35S rUTP (>lmCi/lOOul) 
5 p.1 of DNA (0.5-1p.g/5u1) 
1.2 p1 of RNase block 
0.8 p.1 of T7 polymerase 
The reaction was incubated at 37 0C for 25 minutes. A second 0.8 p.1 of Ti polymerase was 
added and incubation at 37 0C continued for 25 minutes. Then a lul sample was removed from each 
reaction and added to 20p.l of TE. lOul was added to duplicate glass fi1teiand dried. One filter was 
washed 3 X TCA and 1 X 100% ETOH and dried. Both precipitated and unprecipitated filters were 
counted in 10 mls scintillation fluid "Aquasol" and the efficiency of transcription calculated. 
Reactions were removed from the incubator at 37 0C and 2 p.1 of tRNA (lOmg/ml) plus lul of 
DNase added and incubated at 37 0C for 10 minutes to remove the DNA template. Reaction was 
stopped with ipI of 200mM EDTA, 67.5p.l of TE:50mMDTT and phenol extracted X 2, 
Phenol/chloroform 1:1 extracted once. Samples were precipitated with 10p.l of 3M Na Acetate plus 
330up.l 100% ETOH at -200C o/n. 
Samples were precipitated at 10K for 25 minutes, washed twice in 80% ETOH:5OmM DTT, 
once in 100% ETOH and dried. The precipitate was dissolved in lOOjil of sterile water containing 
50mM DT!'. 
Transcribed RNA was digested to 200bp fragments to facilitate entry of the probe into the 
cell. This was achieved by adding 90p.l on Sodium bicarbonate plus 5p.l of 1M D1'T and incubating at 
600C for 70 minutes. The time required to digest the probe to 200 base pair fragments was calculated 
using the following formulae: 
T(minutes)= Lo-Lf 
0.011 Lo 
Lo = original length of transcript 
Lf desired fragment length (in Kb) 
Digested samples were precipitated with 10041 of 6M Ammonium acetate pH 5.2, 1p.l tRNA 
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(10mg/mi) and 1200jil 100% ice cold ETOH, at -200C o/n. Centrifuged at 10K for 20 minutes, 
washed in 80% ETOH:5OmM DTF in TE twice and once in 100% ETOH. Digested RNA pellets 
were dried and allowed to dissolve for one hour on ice in TE:50mM DTF at 1/20 of the final 
expected volume in the hybridisation mix. 1.tl from each reaction was counted as described above 
and the probe dissolved in 1:9 TE:Hyb mix/5OmM DTT at a final concentration of 2 X 10 5 dpm/pl. 
probes were degased before use. 
2.16.5 Hybridisation reaction mix 
Ingredients for the hybridisation were stored at-20 0C and combined fresh before each in situ 
hybridisation. The following chemicals were added on ice: 
50 iii formamide, final concentration 50% 
20 p.1 50% dextran sulphate, final conc. 10% 
1 p1 100X Denhardt's, final conc. 1X 
2 p.1 1M Tris-HC1 pH 8.0, final conc. 20mM 
6 p.1 5M Nacl, final conc. 03M 
5 p.1 0.1M EDTA, final conc. 5mM 
10 p.1 0.1M sodium phosphate, final conc 10mM 
5 p.! 10mg/mi Yeast RNA, final conc. 0.5mg/ml 
Immediately before use, DTF was added to 50mm. The radioactive digested RNA was added 
concentration calculated as described in 2.12.4, mixed and heated to 80 0C for 10 minutes. The probe 
was degased and placed on ice ready for use. 
2.16.6 Hybridisation 
Probes were aliquoted directly onto the embryo sections. 9p.1, 12p.1 or iSp.l of denatured, 
digested probe was added directly to small, medium or large embryos respectively. Pre treated 
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coverslips were placed on top pf each section. Slides were placed in a slide box which included a 
tissue soaked in Smls 50% formamide, 5 X SSC. The hybridisation box was sealed and placed in two 
sealed plastic bags, immersed in the waterbath and incubated for 16-18 hours at 550C. 
2.16.7 Pre-hybridisation washes 
Wax sections were de-waxed and pretreated in the following solutions at room temperature, 
for hybridisation as outlined below: 
Xylene, 2 X 10 minutes. 
100% EtOH, 2 X 2 minutes. 
90% EtOH, 2 minutes. 
70% EtOH, 2 minutes. 
50% EtOH, 2 minutes. 
30% ETOH, 2 minutes. 
0.85% NaCl, 5 minutes. 
PBS, 5 minutes. 
4% PFA in PBS pH 7.2, 20 minutes. 
(1O) PBS 2X5minutes. 
50mM Tris, 5mM EDTA with 20.Lg/ml Proteinase K, 7.5 minutes. 
PBS, 5 minutes. 
4% PFA in PBS pH 7.2, 5 minutes. 
Sterile water, 10 seconds. 
0.1M Triethanolamine pH 8.0, 30 seconds. 
0.1M Triethanolamine pH8.0 plus 625p1 of acetic anhydride with stirring, 2 X 10 
minutes. 
PBS, 5 minutes. 
0.85% NaCl, 5 minutes. 
Rehydrate through ethanol series, (6) to(3). 
100% EtOH, 3 X 5 minutes. 
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(21) Air dry. 
Slides were used the sane day or else stored desiccated at room temperature for up to 6 
months. 
2.16.8 Post hybridisation washes 
Post hybridisation washes were carried out as follows: 
5 X SSC, 10mM D1'T for 15-30 minutes at 55°C until the coverslips fall off. 
50% formamide,2 X SSC, 0.1M DTF , 20 minutes, 650C. 
0.5M NaC1,lOmM Tris, 5mM EDTA ph7.5 (NTE) , 3 X 10 minutes, 370C. 
NTE buffer + 40 ug/ml RNase pH7.5, 30 minutes, 37 0C. 
NTE buffer pH7.5, 15 minutes, 37oC. 
50% formamide, 2XSSC, 0.1M DTF, 20 minutes, 65 0C. 
2 X SSC, 3 X 10 minutes, room temperature (ii). 
0.1 X SSC, 3 X 10 minutes, it. 
30% ETOH in 0.3M NH4 acetate, 1 minute, it. 
(10)50% EtOH in 0.3M N114 acetate, 1 minute, it. 
(11)70% EtOH in 03M NH4 acetate, 1 minute, it. 
(12)90% EtOH in 03M NH4 acetate, 1 minute, it. 
(13)100% EtOH, 2 X 5 minutes, it. 
(14)Air dry. 
2.16.9 Autoradiography of slides 
lOmls of Ilford KS emulsion (< 3 months old) was dissolved in a waterbath at 41 0C in the 
dark. When liquid, it was added to 10 mIs of water at 41 0C in the waterbath. The solution was mixed 
gently and two slides were dipped back to back, twice. Slides were separated and placed in a light 
tight box with silica gel to dry overnight. Slides were then transferred to a light tight box with fresh 
silica gel and stored for 2 to 4 weeks at 4 0C. 
After exposing for two weeks a test slide was developed to monitor the background verses 
signal ratio. Developing was carried out at 25 0C in the dark. Slides were rinsed in D19 developer for 
4 minutes. Then rinsed in water before a 4 minute incubation in fix containing 1:3 Kodafix:distilled 
water. Slides were transferred to distilled water for 2 x 10 minute washes. Sections were air dried and 
stained Methyl Green and mounted in DPX. 
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CHAPTER THREE 
Isolation of a gene from a retinal eDNA library 
Introduction 
A number of methods are available which allow the isolation of previously unidentified genes 
in a tissue. Two approaches can be followed, one which allows the isolation of genes which are 
uniquely expressed in one tissue and therefore are proposed to specify a tissue specific function. 
Differential screening or subtractive hybridisation are the preferred techniques. The second approach 
facilitates isolation of genes which are required for the development or maintenance of a tissue, but 
which have not yet been isolated. This is achieved by screening a library with probes from conserved 
regions from known proteins or using cloned genes from other tissues or organisms to identify similar 
genes in the tissue of interest. In this way, a putative function for the gene is proposed. 
This chapter describes the isolation of a gene from a human retinal cDNA library. Previous 
attempts to isolate genes involved in retinal function have concentrated on genes involved in the 
phototransduction pathway. These genes include rhodopsin (Nathans and Hogness, 1984), a-
transducin (Bray et al., 1987), interstitial retinal binding protein (Borst et al., 1989) and cGMP-gated 
channel (Kaupp et al., 1989). To date very few genes have been identified which are required for the 
development and maintenance of the retina or the eye. Therefore the techniques described above 
were used to isolate genes involved in these functions. 
3.1 General Strategy 
A retinal cDNA library in the ?.gtlO vector was obtained (gift from J. Nathans). To isolate 
previously unidentified genes from the retinal cDNA library, two approaches were used. The first 
approach identifies genes which are expressed exclusively or differentially in one tissue and not in 
another. Differential screening and subtractive hybridisation was used. These techniques have been 
used successfully in a number of cases to identify cell-type-specific cDNAs (Davis et al., 1984; 
Hedrick et al., 1984), stage specific cDNAs (Dworkin and Dawid, 1980), (Krieg and Melton, 1985; 
1989), cDNAs which are expressed differentially in induced and uninduced cells (Davis et a!, 1987; 
lila and Maciag, 1990; Kadomatsu et al, 1988) and normal verses mutant tissue (Bowes et al, 1989). 
The second approach was to screen the retinal library for known conserved peptide motifs or 
domains from genes which have been shown to have interesting functions in other tissues, to 
identify similar genes in the retina. The probes used to screen the library were either, cloned 
conserved domains of known genes; e.g. the zinc finger motif from the Drosophila Kruppel gene or 
an oligonucleotide synthesised to a known published sequence e.g. the homeobox domain. Numerous 
genes have been isolated in this way including the vertebrate homeobox containing genes (Jackson et 
al, 1985; Hill et al, 1988), Twist in Xenopus (Hopwood et al., 1989), and zinc finger genes in humans 
(Chavrier et al., 1988). A number of motifs were chosen because of their potential importance in 
retinal function although their presence in the retina had not been demonstrated. These motifs 
included, a calcium binding domain which could play a role in phototransduction , tyrosine kinase 
ATP binding domains, zinc finger domains and homeobox domains which have been demonstrated 
to play important developmental roles in other tissues and organisms. 
3.2 Differential Screening 
Differential screening relies on the fact that all tissues express a number of common 
housekeeping' genes, while in addition, each tissue has a unique characteristic battery of genes 
which are specifically and differentially expressed during development and growth. This unique 
subset of genes are identified by this technique. 
In theory a eDNA library from the tissue or stage of interest is plated out and replica filters 
are screened with a cDNA prepared from RNA from a homologous and a nonhomologous tissue. 
Plaques which hybridise with equal intensity to both probes identify genes which are expressed in 
both tissues ('housekeeping genes'), whereas clones which hybridise to only one probe pin-point 
clones that are expressed in a tissue specific manner. Furthermore, genes that exhibit differential 
regulation in one tissue can be isolated by virtue of their differential hybridisation to the probes used. 
This technique is most useful for isolating genes which are abundantly expressed in the 
tissues of interest. Dworkin and Dawid (1980) used differential screening to isolate a number of stage 
specific cDNAs from a Xenopus laevis library. They found that only 20% of the clones showed a 
detectable hybridisation signal when hybridised with a [ 32P]cDNA synthesised from the homologous 
RNA. This corresponds to the most abundant sequences in the [ 32P]cDNA. A range of hybridisation 
intensities of different clones was observed. This is a result of the differences in concentration of the 
cloned sequences in the [32P]cDNA. It was found that a clone which constitutes 0.06% of the 
[32P]cDNA gave a signal which was just detectable. Thus, it can be concluded that under their 
conditions, sequences which represent greater than 0.05% of the [32P]cDNA can be detected. Many 
of the cDNA sequences in this library are present at much lower concentrations and are therefore too 
rare to be detected by the homologous cDNA probe. 
Searching for sequences that are expressed early in Xenopus development Kreig and Melton 
(1989) isolated the mRNA encoding elongation factor 1-a (EF-la) by differentially screening a 
Xenopus laevis gastrula cDNA library with a gastrula cDNA probe verses an egg cDNA probe. They 
found that 40% of the plaques were detected after 3 days autoradiography. Of these clones EF-la 
represented one of the abundant classes, constituting 38% of the non-mitochondrial clones isolated. 
Similarly the major structural protein of peripheral myelin, Po, was isolated by differentially 
screening an 8-10 day rat sciatic nerve cDNA library, with sciatic nerve verses brain RNA ( Axel and 
Lemke, 1985). 2% of the clones hybridise intensely with sciatic nerve and not with brain cDNA, 
but 70% of these positive clones cross hybridise. The cDNA from Po was the most abundant member 
of this homologous group. 
3.3 Application of differential screening to the isolation of retinal cDNAs 
Thus, this technique is useful when abundant mRNAs are of interest but is less useful when 
rare mRNA species are of interest. Since there is evidence that the abundant class of mRNAs are 
characteristic of individual tissues (Hastie and Bishop, 1976), it was descided to use this technique to 
try and isolate a retinal specific cDNA. 
Liver mRNA was chosen as the 'minus' control as it was assumed that it would contain most 
of the 'housekeeping' genes present in the retina. Human retinal RNA and liver RNA are difficult to 
obtain therefore it was decided to use a source of RNA which was easily obtainable, RNA from 
bovine retina and bovine liver was chosen to differentially screen the human retinal cDNA library. 
Furthermore, the use of cross-species hybridisation will avoid the problem of cross hybridisation of 
human specific repeats. 
3.3.1 Screening the retinal library with oligo (dT) primed [32P] cDNA 
RNA from bovine liver and bovine retina was obtained and the poly(A)+ fraction purified by 
oligo(dT) separation. The cDNA used to screen the library was made by using oligo(dT) primed RNA 
as a template, incorporating [ 32P]dTFP during synthesis. An aliquot of the cDNA was analysed by 
denaturing gel electrophoresis to determine the size and efficiency of incorporation of radiolabel into 
the cDNA (Figure 3.1). Routinely 30% incorporation was obtained. The amount of retina [ 321)] 
cDNA and liver [32P]cDNA used to screen the library was adjusted so that the specific activities of 
the probes were equal. Approximately 4000 plaques were screened on 9cm plates with 500 plaques 
per plate. The specific activity of the probes used was adjusted to between 3 x 106  and 4x 106  counts 
per minuteS 
Replica filters were prepared from each plate so that a single set of cDNAs could be screened 
with retina cDNA and liver cDNA probes simultaneously. Approximately 45% of the plaques 
hybridised with both probes indicating that 55% of the plaques contained sequences which were too 
rare in the cDNAs to give a detectable signal. Comparing the duplicate filter hybridised with the 
cDNA probes , no detectable differences were observed. Plaques which hybridised either strongly or 
weakly with the retinal cDNA probe hybridised with equal intensity to the liver cDNA 
probe(Figure 3.2). Approximately 20,000 plaques were screened in this way and a retinal specific 
clone was not isolated. 
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Figure 3.1 Northern analysis of oligo (dT) primed cDNA. Two to three micrograms of poly (A)-e RNA was used as 
a template to make cDNA. 0.2% of the radiolabelled cDNA was analysed by denaturing gel electrophoresis to estimate 
the size of the cDNA produced. 18S and 28S RNA are used as size markers. This is an overnigh exposure. 
Figure 3.2 A human retinal cDNA library was screened with bovine liver cDNA or bovine etinal cDNA. Approximately 
45% of the plaques hybridised with both probes. No differences can be detected between the two probes screened on 
duplicate filters. This is an overnight exposure. 
28S-
18S 
3.3.2 Screening the retinal library with random primed 132P] cDNA 
There could be a number of reasons for this result. Reverse transcriptase is not very efficient 
and falls off before it reaches the 5' end of the RNA, a selected proportion of the sequences will not 
be represented in the probe. These sequences will include sequences near the near the 3' end of the 
RNA and therefore the untranslated and poly(A)+ tail will be reverse transcribed with oligo(dT) 
priming more frequently than sequences near the 5' end. Sequences near the 5' end of the gene are 
more likely to contain conserved coding regions, therefore it was decided to random prime the 
cDNA to eliminate this possibility. Using this method of cDNA synthesis, a mixture of 
hexanucleotide primers are randomly ligated along the RNA, thus a mixed population of cDNAs are 
synthesised which are of variable length and have variable start sites. This eliminates the possibility 
of producing a 3' selected population of cDNA sequences. 
A second possibility for the failure of the initial differential screen could be that the RNA in 
the retina is very complex and less abundant RNA species in the probe are too rare to produce a 
detectable signal. Therefore it was decided to try and increase the signal by increasing the specific 
activity of the cDNA without altering the size of the reverse transcribed products. This was achieved 
by reducing the concentration of unlabelled dTTP. The normal concentration of unlabelled dTTP and 
d(C,G,A)TP in the reaction mixture for synthesis of cDNA was 6011M and 246pM respectively. The 
concentrations of unlabelled dl'TP was titred in the synthesis reaction maintaining all other reagents 
at a constant concentration. The concentration of unlabelled dTTP used to synthesise cDNA from 
retinal RNA ranged from lj.tM to 30pm. The size of the resulting retinal cDNA produced was 
monitored by denaturing gel electrophoresis (Figure 3.3). The size of the transcripts did not vary 
greatly with reduced dTTP but the specific activity was increased by 22%. The concentration of 
unlabelled dTTP was reduced in subsequent reactions to 4pM and greater than 45% radionucleotide 
was incorporated during synthesis giving a specific activity of between 5 X 106  and 7 X 106  counts 
per second. 
Differentially screening the retinal cDNA library with this probe did not produce any 
retinal specific clones. Furthermore it was noticed that a greater proportion of the plaques (approx 
60%) gave a signal with the random primed cDNA probes (Figure 3.4). It was concluded that random 
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Figure 3.3 Northern analysis of the sizes of the cDNAs produced by titring the concentration 
of unlabelled dTTP in the synthesis reaction. The concentration of unlabelled dTTP is shown 
on top. The percent incorporation of radiolabelled dTTP incorporated is shown at the bottom. 
The sizes of the transcripts produced were estimated using the 18S and 28S size markers. 



















Figure 3.4a 	 Figure 3.4b 
Figure 3.4a Northern analysis of random primed cDNA. Two to three micrograms of poly (A)+ RNA 
was used as a template to make cDNA. 0.2% of the radiolabelled cDNA was analysed by denaturing gel 
electrophoresis to determine its size. 18S and 28S RNA are used as size markers. 
Figure 3.4 b A human retinal cDNA library was screened with bovine liver cDNA and bovine retinal cDNA. 
Approximately 60% of the plaques hybridised with both probes. No differences can be detected between the two 
probes screened on duplicate filters. An overnight exposure. 
primed cDNA hybridised to plaques that were not detected with oligo (dT) primed cDNA. Therefore 
the population of RNAs detected was expanded using this method of probe synthesis. 
3.3.3 Testing the differential screen technique with a positive control 
If many of the retinal specific sequences are members of the low abundance classes, then it is 
possible that they will not be detected using differential screening. Therefore it was decided to test 
the sensitivity of the system by screening for a known retinal gene which will not be present in liver 
cDNA. Since rhodopsin represents approximately 1% of the poly(A)+ RNA in the retina, it was 
chosen as a positive control. An 22bp oligonucleotide was synthesised to a conserved region of the 
published rhodopsin sequence (Nathans and Hogness, 1985) and used to screen the library (Figure 
3.5). 
Examining an autoradiograph of an overnight exposure of filters screened at low concentration 
with the liver cDNA, retina cDNA and the rhodopsin oligo did not produce any retinal specific 
clones. Furthermore, the clones which were positive with the rhodopsin oligo did not produce a 
positive result with the retinal probe (figure 3.5). When these filters were exposed for one week,a 
weak hybridisation signal was observed with the retinal cDNA in a position corresponding to the 
rhodopsin plaque. Therefore it was decided to use an alternative technique to isolate retinal specific 
sequences since exposing filters for one week caused increased background and the positive abundant 
sequences masked neighbouring plaques. Together these problems can lead to the production of 
false positives in addition to masking putative retinal specific clones. 
3.4 Subtractive Hybridisation 
This method of screening a library improves the sensitivity of the probe used by concentrating 
the tissue specific sequences before hybridisation. In theory, the probe of interest is enriched by 
prehybndisation in solution with an excess of a non-homologous probe to remove sequences which 
are shared between them. In practice, poly(A)+ RNA extracted from the tissue of interest is used as 
Figure 3.5 Screening the retinal library with a retinal specific probe 
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Figure 3.5 Human retinal cDNA library screened with bovine liver cDNA, bovine retinal cDNA and the 
rhodopsin oligo. No detectable differences were observed between plaques screened with liver cDNA or 
retinal cDNA on an overnight exposure. As expected, the rhodopsin oligo produced a positive signal with 
1% of the plaques but these plaques did not produce a detectable signal with the retina cDNA. 
Rhodopsin oligo (22-mer) 5' ATG CTG GCC 0CC TAC ATG iTT 3' 
Met Leu Ala Ala Tyr Met Phe 
a template to make radiolabelled cDNA. This eDNA is then subtracted of its housekeeping genes 
by hybridising to a Cr0T of 3000 moles/second/litre with at least a ten fold excess of poly(A+) RNA 
from the second tissue. Sequences in common will form cDNA:RNA hybrids and can be separated 
from the remaining single strand poly(A)+ RNA of the competing tissue, and the radioactive eDNA 
from the required tissue, by selective retention on hydroxyapatite columns. The single strand 
fraction is collected and used to screen the library. Only the concentrated tissue specific 
radiolabelled cDNAs will give a signal pin-pointing the genes of interest. Thus, because the 
abundant sequences shared between the two tissues are removed, the concentration of radiolabelled 
rare sequences in the probe are effectively increased . In addition, removing shared sequences, also 
decreases the number of clones which will hybridise to the probe effectively reducing the 
background and provide a more sensitive detection of the weakly hybridising clones. 
A number of genes have been isolated in this way. eDNA probes enriched for B-cell specific 
(B-cDNA subtracted with T-suppressor cell specific mRNA) and T-suppressor-cell specific 
sequences (Ts cDNA minus B-cell RNA) have been used to identify and characterise cell type 
specific clones from a defined region of the genome (Davis et al., 1984). The region used consisted 
of 230kb of the murine immune response region (1-region). Five la region genes were identified with 
the B-cell specific probe which are not detected with the Ts probe. Four la clones had previously 
been characterised and are known to represent 0.01% of the mRNA of the B-cell line. These clones 
were clearly detected by the B specific probe. It was estimated that the sensitivity of the B specific 
probe may therefore be as low as 0.001% to 0.002%. In addition the results indicated that by this 
technique, the probe was 20 to 40 fold enriched for the sequence of interest. Hendrick et al. (1984) 
also applied subtractive hybridisation to B and T cell populations. They analysed a population of non 
hybridising cDNAs after subtracting T-cell cDNA with B-cell RNA in an attempt to isolate the T-cell 
specific receptor. It was found that 2.6% of the input DNA remained at the end of the subtractive 
hybridisation and further Cot analysis showed that 61% of this DNA represents rare and moderately 
abundant classes of RNA. The efficiency of these screening procedures is demonstrated because B 
and T cell RNA populations differ by only 2% and in both experiments a number clones of interest 
were readily characterised. Furthermore, in both experiments the subtracted cDNAs were used to 
make a subtracted library from which the genes were easily isolated. 
A number of other rare genes have been isolated in this way including the cDNA 
corresponding to MyoD, a gene which converts fibroblasts to myoblasts (Davis et al., 1987). It was 
isolated from a myocyte cDNA lambda gtlO library. RNA from 5-azacyudine treated C3H1OT1/2 
cells, which converts fibroblasts to myoblasts, was isolated. This cDNA was subtracted with RNA 
from proliferating IOTI/2 cells. In addition, eDNA from a normal myogenic cell line C2C12, was 
also subtracted with RNA from proliferating 1011/2 cells. These subtracted probes were then used to 
screen a ?.gtlO myoblast/myotube cDNA library. A comparison of the autoradiographs produced from 
plaques hybridised with each probe identified clones induced by 5-azacytidine which are irrelevant 
to myogenic determination, thereby pin-pointing clones involved in myogenesis. They found that 
1% of the plaques hybridised with the subtracted probe. Only 20 copies of MyoD per 10 5 cDNAs 
were detected in the library. They propose that MyoD is a member of the low abundant mRNA 
classes. Therefore, subtracted libraries are not always necessary to pick Out the low abundant 
sequences using subtracted probes. 
3.4. 1 Using subtractive hybridisation to isolate retinal specific clones 
In an attempt to enrich for retinal specific sequences in particular mRNA species of low 
abundance, it was decided to make a subtracted bovine retinal cDNA probe using bovine liver RNA 
as a competitor. Comparing the mRNA populations of two tissues in the mouse, it has previously 
been shown that kidney and brain share 85% and 70% sequences with liver populations (Hastie and 
Bishop, 1976). Following the kinetics of hybridisation using Rot curves (plot of the percent 
hybridisation of kidney cDNA and liver RNA versus the log Rot) demonstrated that at a log Rot of 3 
the reaction is complete (Figure 3.6). Therefore it was decided to repeat these experiments and 
follow the kinetics of retina cDNA and liver RNA hybridisation by Rot plot. Once the conditions for 
solution hybridisation were established this technique could then be used to generate probes to screen 
the library. 
Poly(A)+ RNA was isolated from bovine retina and liver as before. Retinal cDNA was 
produced and radiolabelled as before except 200j.xCi of [ 32P] dTTP was used instead of 50p.Ci. The 
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Figure 3.6 Complexity of mouse tissue RNAs 
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Complexity of mouse tissue RNAs. 1. Hybridisation of mouse liver cDNA to mouse liver 
mRNA. 2. Hybridisation of mouse kidney cDNA to kidney RNA. 3. Hybridisation of mouse 
brain cDNA to mouse brain rnRNA. 4. Hybridisation of kidney cDNA to liver eDNA. The 
reactions are complete by Log Rot of 3. 
incorporated fraction was separated also as before. 200.tg of liver RNA was used to compete 
radiolabelled cDNA synthesised from i.ig of retinal RNA. Liver RNA and retinal cDNA were 
precipitated with ethanol. This reaction was resuspended in hybridisation buffer. The solution was 
boiled to denature any hairpins or repetitive sequences that may have already annealed between the 
retina cDNA and liver RNA. At time zero, an aliquot was taken. The hybridisations were placed at 
680C and ljii aliquots were taken for each time point. After completion of the time course, each 
time point was split in two. One was incubated with Si nuclease for 30 minutes and both were then 
precipitated and counted. The percent hybridisation was calculated by monitoring the fraction of the 
reaction resistant to Si nuclease and thus double stranded. A plot of the percent hybridisation verses 
log Rot was then drawn to follow the kinetics of hybridisation. 
The percent hybridisation calculated did not correspond to the expected values ( see figure 
3.7). The percent hybridisation was expected to increase with each time point but it did not follow 
any expected pattern. The first time point corresponded to a log Rot of -1.5 if the hybridisation 
reaction proceeds very quickly and therefore at a lower Rot value, then this experiment may only be 
detecting the end points of the reaction. Therefore to follow the kinetics of the reaction at lower Rot 
values it was decided to repeat the experiment using different concentrations of driver RNA 
(decreasing the Ro) and study the effect on the reaction kinetics. The lower the ratio of driver to 
tracer, the slower the time taken to reach hybridisation saturation. 
The concentration of liver RNA was varied from img/ml, 0.1mg/ml and 0.01mg/ml. At time 
5 seconds, this gives a log Rot value of -1.8, -2.8 and -3.8 respectively. The experiment was repeated 
and the percent hybridisation per time point calculated (figure 3.8). Once again the percent 
hybridisation did not increase as expected with time nor could a Rot plot be drawn. It was therefore 
decided to test the conditions and system used. 
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Figure 3.7 Subtractive hybridisatin 
Ro = 6.25 X 10-3 mmoles/ml 
























Figure 3.7 Hybridisation of bovine liver mRNA to bovine retina cDNA. The 
concentration of the liver mRNA is 6.25 X 10-3 mmoles per litre. The percent 
hybridisation calculated per time point is indicated. These results indicate that 
the reaction did not follow standard hybridisation kinetics. 
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Figure 3.8 Hybridisation of liver RNA to liver cDNA. Each point represents the 
percent hybridisation per time point. Two different driver concentrations were 
examined 
• Ro liver mRNA = 3.13 X 10-5 mmoles / litre 
Ro liver mRNA 4.00 X 10 -4 mmoles / litre 
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3.4.2 Testing the system by following the hybridisation kinetics of liver RNA to liver 
cDNA 
It was decided to test the system by attempting to repeat the results obtained by Hastie and 
Bishop (1976) by following the reaction kinetics of liver RNA hybridisation to liver cDNA. Three 
concentrations of liver RNA were used as driver (1mg/mi, 0.1mg/ml and 0.01mg/mi) and the 
experiment repeated as above except liver cDNA was used instead of retina cDNA. The percent 
hybridisation was calculated as before. 
The amount of material resistant to Si nuclease did not correspond to the expected values and 
a Rot plot could not be drawn. This experiment was repeated but no conclusive result obtained. It is 
possible that the reaction proceeded as expected in solution but the method of detecting the 
hybridising molecules may be at fault. It was therefore decided to test the hybridisation detection 
system by creating an artificial hybridisation system. 
3.4.3 Testing Si nuclease as a means to detect double stranded sequences 
If the concentration of Si nuclease was too high, double strand molecules may also be 
degraded. Alternatively if the Si nuclease concentration is too low or if its activity is inefficient, then 
variable amount of single stranded material will be degraded. Both these conditions could lead to 
spurious results. To test the activity of SI nuclease directly, sonicated salmon sperm DNA was 
incubated with increasing concentration of Si nuclease and analysed by electrophoresis. In a parallel 
experiment, the DNA was boiled for five minutes to denature it and incubated with the same 
concentrations of Si nuclease and analysed as before (Figure 3.9). 
It can be seen that the Si nuclease degraded only ssDNA even at the lowest concentration 
while the dsDNA remained undigested. From these experiments it can be concluded that the Si 
nuclease works as expected and therefore the problem may lie in the precipitation or detection 
procedure. M alternative strategy was pursued therefore which allows a more direct method of 
detecting previously unidentified retinal genes. 
S1 Nuclease activity test 
a b c d e f 	g 	ij 	k! 
Figure 3.9 To test the activity of S 1 nuclease double stranded salmon sperm DNA 
(lanes a,b,c,d,e,f) and single stranded salmon sperm DNA (lanes g,h,i,j,k,l) were 
incubated with increasing concentrations of S 1 nuclease and the products analysed 
by ethidium gel electrophesis.. Lane a, dsDNA plus 0 units Si nuclease; lanes b,c,d,e,f are 
ds DNA plus 100, 200, 300, 400, 500 units Si nuclease respectively. Lane g, ss DNA plus 
0 units Si nuclease; lanes h,i,j,k,I are ss DNA plus 100, 200, 300, 400, 500 units of Si 
nuclease respectively. OX 174 cut with Hae HI is the marker in the last lane. 
3.5 Using oligos to conserved sequences to isolate retinal clones 
As discussed previously differential screening and subtractive hybridisation are useful 
techniques for screening cDNA libraries because they increase the sensitivity of the method allowing 
weakly expressed tissue specific genes to be detected. An alternative method of isolating genes which 
may be imperative in retinal function or development, is to screen for conserved sequences present in 
genes from other tissues or organisms, which have been shown to have important roles. This method 
of isolating genes is useful because it allows access to genes which may be present in more than one 
tissue but still play an essential role. In addition, genes can be isolated with a predictable interesting 
function. By its very nature differential screening and subtractive hybridisation do not allow access to 
these sequences. Therefore it was decided to design oligonucleotides to conserved sequences of 
interest and to use them to screen the library in a direct attempt to isolate a retinal gene whether it be 
retinal specific or not. 
A number of motifs were chosen because their presence had not yet been demonstrated in the 
retinal library. Since very few genes have been isolated from the retina that have been shown to be 
important in development, a number of motifs were chosen which might pin-point developmental 
genes. These motifs were a zinc finger motif and the homeobox motif. These are motifs which are 
present in transcription factors and have been shown in Drosophila to be required for normal 
programming of development. These motifs have also be identified in a number of important 
regulatory genes in mammals (see section 1.5 and 1.6). In addition a tyrosine kinase specific probe 
was isolated from the kinase domain of epidermal growth factor receptor (gift from P. Jones) and an 
oligo made to the putative calcium binding domain of S 100 which is present in a number of calcium 
binding proteins was designed (Figure 3.10). 
The library was plated on 20cm x 20cm plates with approximately 10,000 plaques per plate. 
Each oligo was used to screen duplicate filters and exposed at -70 0C for 60 hours. Positive clones 
were not identified with the zinc finger clone, the tyrosine kinase dope or the EF-hand 
oligonucleotide. A single plaque was detected with the homeobox oligo which was superimposable 
on duplicate filters (Figure 3.11). The library plates were lined up with the coordination marks on 
the filter and a 1cm circle was picked from the positive region and incubated in phage buffer. This 
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Figure 3. 10 Probes used to screen the retinal cDNA library 
Potential EF hand Calcium binding loop of S lOOa 
D-E-D-G-D-G-E-V-D-F-Q-E 
* 	* 	* 	* * 	* amino acids potentially involved in calcium binding 
Oligo used to screen library 
5' -GAI-GGG-GAG-GGG-GAA-TGI-GAI-TFI-CA-3' 
D G D G E V/WC/DF 
Homeobox domain coding region 
Helix 1 	Helix 2 	Helix 3 
Oligo synthesised to the recognition helix 3 
5 '-CAI-ATI-AAG-ATI-TGG-TFI-CAI-AAC-CG-3' 
Q IL I W 	Q N 
Potential zinc finger probe derived from the kruppel cDNA 
2.9 kb cDNA Xbal-EcoRl 
Probe used to screen the library 
E Coding region 
• Zinc fingers 
- Non coding region 
Tyrosine Kinase domain of EGF 	
- Non coding region 
Coding region 
• Transmembrane Domain 
770 bp EcoRl probe 
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Figure 3.11 Primary screen of the retinal cDNA library with the homeobox oligo 
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Figure 3.11 A single positive plaque (circled) was identified in 20,000 retinal cDNA 
clones screened with the homeobox oligo. A and B are duplicate filters. 
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Figure 3.12 Secondary screen of the retinal cDNA library with the homeobox oligo 
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Figure 3.12 Approximately 200 positive plaques were identified in a second screen of 
1000 retinal cDNA clones screened with the homeobox oligo. A and B are duplicate filters. 
phage was used to infect cells and plated at a concentration of 1000 plaques per 20cm x 20cm plate. 
Duplicate filters were screened with the homeobox oligo and approximately 300 positive plaques 
were obtained (Figure 3.12). Four positive plaques were picked and replated at a concentration of 50 
plaques per 9cm plate. 
Four individual plaques were picked, grown and DNA isolated for analysis. These clones were 
digested with the restriction enzyme EcoRI and a single 1.9Kb band was identifies. A single 
preparation was chosen for further analysis. 
3.6 Conclusion 
It has been shown that differential screening was not successful in isolating retinal specific 
sequences. There are a number of possible reasons for this result. If most of the retinal specific 
sequences are members of the middle or low abundance classes then the sensitivity of this technique 
makes detection difficult. Although random priming the cDNA increased our detection rate by 15%, 
it did not increase the number of retinal specific clones. In fact it has been shown that one identified 
retinal gene, rhodopsin, would not have been detected with this method. 
A second reason for the lack of success of this technique may lie in the fact that a bovine RNA 
was used to screen a human library. Bovine RNA was originally chosen because large quantities 
could be easily isolated and cross hybridisation of human specific repeats would be avoided. But it is 
expected that random mutations will have accumulated in the genome of both organisms leading to 
diversities in gene sequence. During the hybridisation reaction, sequence mismatch will lead to 
hybrid destabilisation and in some cases cause hybrids to denature. The sensitivity of the technique 
could therefore be decreased. This experiment could be repeated using RNA from a species which 
also has colour vision e.g. canine retina, and to use low stringency hybridisation conditions to allow 
sequences which are less than 100% homologous to anneal. An alternative strategy would be to make 
a bovine retinal library and use any sequences isolated by differential screening or subtractive 
hybridisation, in low stringency hybridisation with the human retinal library. 
Subtractive hybridisation was also used in an attempt to detect low abundant RNA species. 
Unfortunately, this technique was not applied to the library because the hybridisation kinetics did not 
follow expected patterns. If it is assumed that the hybridisation conditions were not limiting then it 
must be concluded that the detection system used was not efficient. A better method of separating 
double strand sequences from single strand sequences would be to use a biotin labelled RNA as the 
driver. Non specific sequences including double strand hybrids can be removed more effectively 
using biotin affinity columns (Bowes et al.,1989) or biotin linked streptavidin-phenol extraction 
(Sive and St John, 1989). This technique has been used successfully to identify the gene proposed to 
be involved in retinal degeneration (rd) in mice (Bowes et al., 1989). 
Detection of very low abundant species of RNA can now be greatly enhanced by subtractive 
hybridisation coupled to PCR amplification (Saiki et al., 1985; Timblan et al., Duguid and Dinaeur, 
1990; Ella et al., 1990). With this technique, specific oligonucleotides are ligated to the subtracted 
cDNA. This allows amplification of the selected cDNAs using these oligos as primers for PCR 
amplification. This method has the advantage that it allows detection of the very low abundant RNAs 
in the library. Furthermore these oligo-linked cDNA can be used as a replenishable source of selected 
eDNA with which to make or screen a library. 
Finally, synthesising oligonucleotides to conserved motifs of interest has allowed the 
identification of a single ?.phage clone with a 1.9kb insert (RatS). This sequence was detected as a 
single clone in 10,000 plaques screened and therefore would not have been detected by differential 
screening. It was isolated using a degenerate oligonucleotide to the most conserved region of the 
homeodomain, the helix recognition amino acids. Since, the main interest of this project was to 
isolate genes involved in retinal development, it was expected that this oligo would give access to 
developmentally interesting genes. Further analysis will reveal if this clone contains a homeobox or 
a related sequence. Since this technique does provide information about the tissue distribution of this 
gene, a study of its expression pattern may allow a function to be designated. 
CHAPTER FOUR 
Characterisation of the cDNA for Rox5 
Introduction 
To isolate a gene which may be relevant to the development of the mammalian retina or eye, a 
homeobox oligo was used to screen a retinal cDNA library. This motif is present in a number of 
mammalian genes which are expressed in a precise temporal and spatial pattern during 
embryogenesis. The presence of this motif within a gene predicts it is required during development 
for transcriptional regulation. Since a homeobox containing gene had not previously been identified 
in the eye, it was hoped that this procedure might pin-point a gene of interest. 
Under non stringent condition a single clone was identified, Rox5 (for putative retinal 
homeobox). The hybridisation of the oligo to a single clone under such conditions suggests that this 
cDNA will contain a homeobox motif. Only sequence analysis will reveal if a homeobox motif is 
present. This chapter describes the sequence analysis, characterisation and expression pattern of this 
gene in human tissue. 
4.1 Subcloning Rox5 into pTZ 
To analyse Rox5 in detail, the insert was cloned into a plasmid vector. A single positive 
Xphage was chosen and digested with EcoRI to release the insert. The digest was then cloned into 
the multipurpose vector p12 19U (2.8kb). The lambda arms are too large (32kb and 10kb) to be 
propagated by the plasmid and therefore only the 1.9kb insert, designated RoxS can grow in p12. 
Five white ampicillin resistant colonies were chosen and small scale DNA preparations were grown 
in 5m1 cultures of L-broth plus magnesium with ampicillin. Digestion with EcoRl released a 1.9kb 
fragment in all cases (figure 4.1). Large scale plasmid preparations were performed to isolate large 









EcorRi Digested pTZ Clones. 
Figure 4.1 Panel A: EcoR 1 digests of DNA from four positive lambdaphage clones 
identified with the homeobox oligo. A 1.92 kb insert is released. 
Panel B: The 1.9 kb insert was subeloned into the plasmid vector pTZ. Lanes 1, 2, 4, 5, 
6 and 7 are six positive subclones digested with EcoRl. A 1.9 kb insert is released in 
most cases. The lambda Hindlil size markers in base pairs are 23,130; 9,416; 6,682; 
4,361; 2,322; 2,027 and 564. 
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4.1.2 Southern blot analysis of Rox5. 
To determine if Rox5 is present in the human genome as a single copy sequence or in multiple 
copies, total human genomic DNA was digested with a number of restriction enzymes and probed 
with Rox5. In addition, digested DNA from a number of different vertebrate species was also 
probed with RoxS to determine if this sequence is conserved during evolution. 
Multiple bands were observed when human DNA was digested with the enzymes used 
(HindIII, Taql, Psil and EcoRl 1) and hybridised with Rox5 under stringent conditions (5xSSC and 
680C hybridisation conditions; 0.5xSSC and 68 0C washes). A single strong band was observed in 
all cases ( figure 4.2). HindIII produces a strong 10kb band while Taql produced a strong 2.2kb 
Band. Seven other weak bands are observed with HindIII digestion suggesting that Rox5 contains a 
number of introns or that this gene is a member of a multigene family with at least seven other 
members of this gene family present in the human genome. This is supported by the observation that 
rescreening the retinal cDNA library with Rox5 produced a number of clones which hybridise with 
different intensities (Figure 4.2b) (hybridisation conditions: 5 X SSC, 4 X Denhardts, 1% SDS, 0.1% 
PPi, 680C for 12 hours; post hybridisation conditions: 1 X SSC, 1% SDS, 0.1% PPi, 68 0C for 80 
minutes). 
Rox5 cross hybridised to a number of vertebrate species including trout, Xenopus, chick, 
mouse and rat under conditions which favour cross species hybridisation (4xSSC and 68 0C 
hybridisation conditions; IxSSC and 68 0C washes). In addition multiple cross hybridising bands 
were observed (figure 4.3). Furthermore screening a mouse 8 1/2 day embryonic library with RoxS 
also produced a number of clones which hybridised with different intensities (Figure 4.3b; 
hybridisation conditions as above). These results support the suggestion that Rox5 represents a 
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Figure 4.2a Southern analysis of human DNA digested with TaqI (left hand panel) or 
Hindu (right hand panel) and probed with Rox5. In each case DNA was isolated from 
three female and three male volunteers. A single major hybridising band is observed in 
each case (HindIll 10 kb, TaqI 2.2 kb) with additional multiple weakly hybridising bands. 
The marker is lambda DNA cut with Hindlil, lane7 in the TaqI digest and lane 1 in the 
HindlIl digest. 
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Figure 4.3a Southern analysis of DNA isolated from a variety of species and probed with 













Figure 4.2b An overnight exposure of an autograph from the human retinal cDNA 
library screened with Rox5. A and B are duplicate filters each containing approximately 
5000 plaques. A number of different positive clones were identified which hybridise to 
Rox5 with different intensities (see arrows). 
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Figure 4.3b An overnight exposure of an autograph from the mouse embryonic 8.5 day 
cDNA library screened with Rox5. A and B are duplicate filters each containing 
approximately 5000 plaques. Two positive clones are visible (arrows). 
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4.1.3 Chromosomal location of Rox5 
To determine if Rox5 corresponds to any previously identified gene or if it maps to a 
multigene family or known mutation, its chromosomal localisation was determined. From southern 
analysis on total human DNA from male and female volunteers, it can be concluded that this 
sequence is not located on the X or the Y chromosome as bands of equal intensity were obtained in 
all cases. Therefore two methods were used to determine which autosomc this gene mapped. Owing 
to the availability of rodent x human cell hybrids in the laboratory, Rox5 was localised to an 
individual chromosome using southern blot analysis. Essentially a panel of hybrids was obtained 
from M. Hirst, each consisting of rodent chromosomes (Chinese hamster) with a known subset of 
human chromosomes or in some cases with individual human chromosomes. Using purified Rox5 
insert as a probe, multiple hybridising bands were observed. A single band was detected in a number 
of hybrids which could not be detected in the rodent control DNA. In each case, Rox5 hybridised to a 
number of panels containing a fraction of chromosome 7. It could be excluded from chromosome 7P 
due to the absence of the hybridising band in a panel which contained only the 7P portion of 
chromosome 7 (figure 4.4). This band represents the human chromosome in which Rox5 has its 
origin. Precise localisation to a particular chromosome band was determined using in-situ 
hybridisation to human chromosome spreads. 
To verify these results Rox5 was used as a probe for in-Situ hybridisation to the chromosome 
complement of the human genome (Experiment performed by the Human Genetics Institute 
Newcastle University). Two areas of hybridisation were detected, a strong signal on band 7q21-22 
with a signal of weaker intensity on the tip of chromosome 4 (figure 4.5). Since the strong signal 
correlated with the hybrid results, it seems likely that this gene maps to chromosome 7q21-22. The 
weaker signal could represent secondary hybridisation to a related family member. 
4.2 Sequence analysis of RoxS 
In order to determine if RoxS is similar or identical to a previously isolated gene and identify 
any additional motifs which may be present, the cDNA was sequenced. Once the sequence is known 
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Figure 4.4 Chromosomal location of Rox5 using southern hybridisation to a panel of 
human hamster hybrids. The strong band observed in each case is cross hybridisation 
of contaminating plasmid. A 0.9 kb band (arrow) is observed in all hybrids which 
contain a portion of human chromosome 7. 
Key: Lane 1 contains human chromosomes 3, 4, 6, 7p, 9q, 10, 11. 
Panel 3 contains chromosomes 1 & 3. 
Panel 4 contains chromosomes 4, 5, 9, 22. 
Panel 5 contains chromosome 3. 
Pane16 contains chromosomes 1, 2, 3, 7, 8, 22. 
Panel 7 contains chromosomes 2, 5, 8, 9, 10, 13, 20, 22. 
Panel 8 contains chromosomes 2, 7, 8, 22q. 
Panel 9 contains chromosomes 11 &12. 
Panel 10 contains chromosomes 1, 9, 20, 22. 
WEHT7 contains chromosomes 3, 5, 10, 14, 20, 21, 22. 
WEHT8 contains chromosomes 6 & 10. 
C121 contains chromosomes 3, 4, 6, 10, 15. 
Elvl contains chromosomes 1, 2, 5, 8, 10, 15. 
PGM89 contains chromosomes 2, 3, 4, 5, 6, 8, 10, 15. 
PGME8 contains chromosomes 1, 2, 6, 7, 8, 9, 10. 
THYB1/6 contains chromosomes 1, 2, 10, 20. 
THYB1/12 contains chromosomes 6, 7, 10. 
3E7 contains chromosomes 3, 6, 10. 
DF87 contains chromosomes 2, 6, 7, 9. 
1  186 contains chromosomes 1, 3, 4, 5,7,9, 17. 
Poi-4 contains chromosomes 1, 3, 4, 6, 7, 10, 16. 
18/8D and C127 are mouse DNAs. 






Chromosome 4 	 Chromosome 7 
cf 1 
it will enable one to search the databases, for homology to known conserved motifs, allowing a 
putative role for Rox5 to be proposed. Since the cDNA isolated contained a 1.93kb insert, a 
number of techniques were used to determine the complete sequence. 
4.2.1 Shotgun sequencing 
For this procedure Rox5 was aliquoted into four reactions. Each was digested with a single 
frequent cutting restriction enzyme. The enzymes chosen were Sau3a, HaeIII, AluI and RsaI. 
Each of these enzymes recognises a four base pair sequence and is therefore expected to cut 
frequently within this clone. The cohesive ends of each digest product were filled in and then blunt 
end ligated into the double strand replicative M13 vector. Recombinant single strand M13 was 
grown and DNA isolated and sequenced as described in Materials and Methods. 
Analysing the sequence data produced a partial sequence was obtained for Rox5 with this 
procedure. As M13 has no constraints on size, large fragments can potentially be cloned into M13, 
however in practice small fragments are preferentially cloned. Therefore it was not surprising that 
the same small fragments were sequenced several times. Individual sequence information from each 
transformation produced overlapping sequences but complete analysis was hindered by ligation 
artifacts. These were inserts from different regions of the sequence which ligated together before 
ligating to the vector. Therefore to complete the sequence it was decided to use a method which 
would eliminate these problems. 
4.2.3 Deletion Sequencing 
Deletion sequencing allows the construction of nested unidirectional deletions in insert DNA 
cloned into double strand vectors (Henikoff, 1984). This method uses Exonuclease III, a 3-
exonuclease to create the deletions. The enzyme is able to digest blunt ended DNA or DNA with 5'-
protruding ends whereas DNA with 3'-protruding ends are resistant. In addition the enzyme is 
extremely processive allowing the extent of the deletion to be controlled. Samples are taken at 
various time points of the deletion reaction producing a series of nested deletions. The single 
stranded protruding ends are then blunt ended with Si nuclease and the ends religated and 
transformed. The deleted products can then be used as templates for double strand sequencing 
reactions. This allows large pieces of DNA to be sequenced relatively easily with the same primer 
and without the problem of aligning sequences. The reactions were performed as described in 
Materials and Methods (see Section 2.16). 
Rox5 was cloned in both orientations into pTZ18u. DNA was linearised with the restriction 
enzyme XbaI which produces a 5'-overhang and PstI which produces a 3'-overhang. The deletion 
reaction was performed under conditions which allowed approximately 100 nucleotides to be deleted 
per time point. Twenty time points were taken for both orientations. 
The deleted products from each reaction were visualised by electrophoresis (figure4.6). The 
rate of deletion for each orientation was not the same but in each case at least 1.5Kb was deleted. 
Sequencing these clones produced an almost complete sequence with only a few small gaps. Because 
some regions of DNA are resistant to exo III digestion, a population of undigested DNA always 
came through the transformation procedure and produced false positive deletion clones. In addition, it 
was found that the rate of exo II digestion was not even throughout the reaction. Some regions of 
Rox5 DNA are extremely GC rich, this may be the reason for the difference in rates of exo III 
between both clone orientations. The results were also complicated because deleting through the 5'-
end did not produce linear deletions, with alternate deleted clones differing by only 40 nucleotides in 
some cases. Therefore it was decided to fill in the remaining gaps by constructing oligonucleotides 
which flank the region and using these oligos as primers. Furthermore, for sequencing reactions, 
regions which are (3C rich often produce secondary structure which hinder the translocation of the 
polymerase. To eliminate sequencing discrepancies produced by secondary structure and gel 
artifacts, 10% DMSO (Winship, 1989) and deaza nucleotides (Mead and Kemper, 1986) or inosine 
nucleotides (Barnes et al., 1983; Gough and Murray, 1983) were added where required (see 
Materials and Methods, 2.16). A full length sequence was produced in this way (Figure 4.7). 
4.2.4 Sequence analysis 
The full length sequence was analysed with the Staden Sequence Anaysis Package from 
Amersham and on the SEQNET VAX 3600, on which the UWGCG Sequence Analysis Software 










Figure 4.6 Sequential time points from the Exoill deletion reaction are separated by 
electrophoresis in 1% agarose and visulaised by ethidium staining. The first (time 0) and the 
eight time points (time 8) are loaded next to each other so that the extent of the deletion 
reaction can be estimated. Time 1 and T2 to T7 are sequential time points taken every 30 
seconds. Marker DNA is loaded in lane 1 as indicated. 
II. 



















Q C P E C 
GGGAAGCGCTTTACCAATAAGCCCrATCTGACTTCGCACCGGCGCATCCACACCGGCGAG 
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ACe TCGACGACGAGGAGAGACTCCTGGCCCACC 	GAAGCACGATGTCTGAGACGGT 


























Package is mounted. Rox5 is 1925 nucleotides long (Figure 4.7). An open reading frame of 1,134 
nucleotides was identified extending from the first nucleotide to nucleotide 1,134 which is C plus 0 
rich (69.84%). The coding sequence is not full length as an initiating methionine is not present 
throughout the complete open reading frame. This coding sequence is followed by a three prime 
untranslated region of 791 nucleotides which contains multiple stop codons in all three frames and is 
also G and C rich (58.79 %). This region does not contain the predicted concensus polyadenylation 
signal (AATAAA, Birnstein et al., 1985) or a poly (A+) tail, but it contains the sequence A1TTA 
(underlined) which is potentially involved in selective RNA degradation. A variation on the 
conserved polyadenylation AATAAA sequence is located at nucleotide 1561, AATGAA. This region 
also contains a number of dinucleotide stretches including GT regions, AT regions and CT regions 
(See figure 4.7). The CCTI'CC sequence and variations upon this sequence are particularly prevalent 
near the end of the 3' untranslated sequence. It is possible that these sequences play a role in RNA 
processing. The estimated size of the mRNA from northern analysis is 3200 nucleotides which 
suggests that the coding sequence can extend at least 1300 nucleotides upstream. 
4.2.5 Protein analysis 
It was expected that this cDNA would contain a homeobox motif, but in contrast, the 
predicted amino acid sequence revealed ten zinc finger motifs (figure 4.9). Zinc fingers are potential 
DNA binding motifs which are present in many eukaryotic regulatory proteins (See introduction 1.8). 
Since the first identification of this repeat in TFIIIA, a number of genes have been identified which 
contain this motif. It is proposed that this element defines an evolutionary conserved subfamily of 
DNA binding proteins. Many of which function as transcription regulators. 
Unfortunately a homeobox sequence was not observed but a stretch of nucleotides to which 
the oligo could hybridise was identified. It would therefore seem that the cross hybridisation of the 
oligo to the sequence was fortuitous. Nevertheless, a zinc finger protein which is expressed in the 
eye is of potential interest therefore it was further characterised 
The zinc fingers fall into two domains, the first containing three fingers and the second 
constituting the remaining seven fingers (figure 4.8). 	Based on structural considerations the 









Domain 1 	3 Finger Domain 	Domain 3 	7 Finger Domain 	 End 
A schematic representation of the predicted protein finger structure of Rox5. A representative 
finger is shown. The circled amino acids are conserved within the Kruppel family. 
The H-C link region which is conserved among members of the Kruppel family. The 
amino acid concensus sequence is TGEKPYXX. 
tl$ 
predicted protein contains four domains; the N terminal portion from amino acid 1 to 48 is rich in 
prolines (14%) which suggests that this region lacks a-helical structure, in the region between 
amino acids 49 to 124 resides three tandem finger motifs. Each motif is a repeat unit of 28 amino 
acids, consisting of a core sequence of CX2CGXRFXKPXLX2HX2HTGEXpX 2. Each unit 
conforms exactly to the consensus sequence CX2CX3FX5LX2HX3HTGEKjy/FX which defines the 
Krupple family of zinc fingers. Diagnostic is the H-C link originally defined in Drosophila Krupple 
gene, this is the HTGEKPY/FX sequence which joins the histidine of one finger to the cystine of the 
next. This sequence or a closely related sequence is found in all members of this family (figure 4.8). 
Following this finger domain from amino acids 125 to 186 is a second domain that is rich in prolines 
(25%), which strongly influences the folding of the protein and alanine (21.6%) which is a nonpolar 
amino acid. This bias suggests that this region would extend as an arm on the outside of the protein. 
Interestingly, in this region the sequence APA (alanine-proline-alanine) is found three times (figure 
4.7). The final domain from amino acids 187 to378 contains a second finger domain with seven 
fingers. As in the first finger region, each is a repeat of 28 amino acids containing the conserved 
Krupple amino acids and the H-C link. These fingers are not as related to each other as the first 
three are and the consensus sequence is CX2CGX2FX5LX2I-IX3HXGERpFJyx . The protein 
sequence overall is rich in proline (11%) , arginine (12%) and alanine (10%). 
The conserved sequences of a number of members of the Krupple zinc finger family are 
shown in figure 4_ under the finger protein sequence of Rox5. Using the SEQNET facilities, the 
GENBANK and EMBL databases were searched for sequences with regions of similarity both at the 
DNA and amino acid level. The most similar sequences are shown in descending order. The finger 
regions of Rox5 are 53.6% to 64.3% identical at the amino acid level. Rox5 is most similar (46.1%) 
to the mouse finger gene mkr2 (figure 4.9) (Chowdury et al., 1988) which is expressed in the brain 
during development and to the human clone Hkr4 (45%) (Chowdhury et al., 1988) which was 
isolated using the Gli gene (glioma associated finger protein) as a probe. The similarity is confined 
to the finger regions, it is therefore unlikely that these can be homologous genes. Examining the 
predicted protein sequence of the fingers, it can be seen that in vertebrate species the GK dipeptide 
(between C and F) and the RI dipeptide (between H and H) are conserved and therefore characteristic 
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figure 4.9 Protein Finger Sequence of Rox5 
Concensus sequence of Rox5 
C X ° C G 	X F XXk. X L XA H r Xi HTGERP ' X 
Concensus sequence of other members of the Kruppe. related zinc finger family 
MKR 	H 
C XE C GKA F XXXSX LXX H q R 	H TGEKPYX 
HKR R S 
C XE C GKX FXXXSX LXX H qR i H TGEKPYX 
Gli s N S 	F 
CXXXGC TKX F XXXXX LXX H XRXX HTGEKPYX 
Krox 8 
C P  CGKS F SX r 	n LX a HXRt H XGVKPYX 
Krox 20 
C D X C XRX F SRSDX L XR H iRi H TGELPFX 
Kruppel F 
C X X C DXX F XXXHX LXX H XRX HTGEKPYX 
Xenopus Laevis multi finger protein 
C SE C GKX F XXXXX LXX H XRI HTGEXXFT 
ft 
It has been proposed that fingers arose as a duplication from an original two finger repeat 
(Knockel, 1989) and therefore that alternate fingers should be more similar to each other. This is 
not proved in Rox5. 
4.3 Expression analysis of Rox5 
To determine if this gene was expressed exclusively in the eye, RoxS was used as a probe to 
RNA from a number of different tissues. Total human RNA was isolated from a number of human 
foetal tissues (by Dr. Cathy Pritchard Jones) including liver, eye, stomach, muscle, ovary, kidney, 
heart and testes, and from adult tissues including ovary, spleen and tonsil. Also RNA was isolated 
from a number of tumours (gift from Dr Alistair Thompson) such as breast tumour, ovarian tumour 
and a breast tumour cell line MCF7. Approximately 10ig of each sample was run on a formaldehyde 
agarose denaturing gel (section 2.13. 1) , blotted for 6 hours onto a nylon membrane and probed with 
Rox5. 
The expression of this gene could be detected in all tissues examined including the eye but the 
level of expression varied between tissues (figure 4.10). Due to the shortage of RNAs, it was not 
possible to repeat this blot to obtain equal loading of RNA, therefore the difference in Rox5 
expression levels between tissues was normalised to the rRNA observed by staining with ethidium 
bromide. By this method rough estimations of the relative differences of Rox5 expression were 
obtained. Weak Rox5 expression was detected in the following foetal tissues testis, liver, kidney, 
ovary , muscle, skin , stomach, heart and adult ovary. Intermediate levels of RoxS transcript wee  
observed in foetal brain, eye, adrenal, spleen and adult tonsil. Noticeably higher levels of 
expression is detected in the tumour derived RNAs from ovarian cancer tumours, breast tumours 
and xenographs derived from breast cancer cells (MCF7 cell line). If it is assumed that foetal 
kidney, MCF7 and the ovarian cancer RNAs have roughly equal loading, normalised to the rRNA 
observed from the ethidium bromide stained gel, then there is at least a five fold difference in the 
level of this gene between normal and cancerous tissue. Given these results, it is difficult to propose 
a role exclusive to Rox5 in the maintenance or development of the eye. Therefore it was decided 
to further investigate the cause of elevated Rox5 expression in the tumour cells to determine if the 
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Figure 4.10 Northern analysis of Rox5 in human tissue 








Figure 4.10 Bottom panel is an ethidium stained gel of a series of human RNA samples. 
The RNA was blotted, probed with Rox5, washed and exposed for five days (top panel). 
18S ribosomal RNA and 28S ribosomal RNA are the size markers. 
Key: Lane 1 is foetal brain RNA, lane 2 is foetal testes RNA, lane 3 is foetal liver RNA, 
lane 4 is foetal kidney RNA, lane 5 is foetal ovary RNA, lane 6 is foetal skin RNA, lane 
7 is foetal muscle RNA, lane 8 is foetal eye RNA, lane 9 is foetal adrenal RNA, lane 10 
is foetal heart RNA, lane 11 is adult spleen RNA, lane 12 is foetal stomach RNA, lane 13 
is RNA from the cell line MCF7, lane 14 is adult tonsil RNA, lane 15 is adult ovary RNA 
and lane 16 is RNA from an adult ovarian tumour. 
expression pattern of this gene can give any further insights into the mechanisms involved in disease 
progression. 
4.3.1 Expression of RoxS in rumour cells and cancer patients 
A number of genes are known to be important in cancer progression. For example, Gli, a 
human zinc finger containing gene, has been shown to be amplified in a specific subset of human 
gliomas (Kinzler et al., 1987; Kinzler and Vogelstein, 1990). The high expression of RoxS gene in 
the tumours studied suggests that it may play a role in tumour initiation, maintenance or progression. 
In an attempt to define a role for this gene in cancer progression, its expression was studied in a 
number of breast cancer patients to determine if its expression could be related to stage or severity of 
disease. Forty eight different patients were examined. RNA was extracted from tumour tissue 
(obtained from Dr. A. Thompson) and probed with Rox5. 
As shown in figure 4.11 and 4.12, different levels of Rox5 expression were detected in some 
patients examined but these differences were slight and could not be related under the categories 
examined. These categories included tumour size, tumour grade, oestrogen receptor status, family 
history, pre or post menopause status of the patient and metastatic condition. Therefore it can be 
concluded that the expression of this gene is not directly related to any of these categories. 
To determine if transcription of Rox5 is localised to a particular population of cells within 
tumours, in situ hybridisation of Rox5 to sections of a tumour derived from MCF7 cells grown in 
mice was performed (Figure 4.13). The results clearly show that this gene strongly hybridises 
specifically to the human malignant cells in the xenograph and not the mouse cells. 
4.3.2 Expression of Roy-5 during oestrogen stimulation of MCF7W xenographs in 
mice. 
The proliferation and differentiation of a number of eukaryotic cells is affected by growth 
factors and environment. These cellular processes are mediated by alteration in gene expression. One 
gene which has been proposed to be involved in tumour progression is the putative tumour repressor 
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Figure 4.11 Northern analysis of Rox5 in human breast tumours 
1 2 3 4 5 6 7 8 9 10 11 12 13 - — 
S 
1* • . 
JU 
hgure 4.11 Bottom panel is an ethidium stainedgel of RNAs from a number of human 
breast tumours. The RNA was blotted, probed with Rox5, washed and exposed for 72 
hours. (top panel). The top band is hybridisation to 28S RNA. 
18S ribosomal RNA and 28S ribosomal RNA are the size markers. 
Key: Lanes 1 to 10 are RNAs from breast tumours from different patients. Lane 12 is C3H 
mouse adult kidney RNA and lane 13 is C3H adult mouse liver RNA. 
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Figure 4.12 Northern analysis of Rox5 in human breast tumours 
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Figure 4.11 Biiiin paIcI 	uI 	iuiun LWiCu 	i 0i 	 ii on a.ILIIIIbCI 01 iiuinwi bicasi Iwnours. The RNA was blotted, 
probed with Rox5, washed and exposed for 72 hours. (top panel). 18S ribosomal RNA and 28S ribosomal RNA are the size 
markers. The bottom band is hybridisation to an actin probe which is used as an internal RNA loading control. 
Key: Lanes 1 to 24 are RNAs from breast tumours from different patients. 
Figure 4.13 In situ hybridisation of Rox5 to MCF7 xenograph tumours 
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Haematoxylin and Eosin showing the 
various morphologies of the cells. 
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B.An adjacent section to the above 
picture, probed with antisense RNA 
from the 1.9 kb RoxS insert and stained 
with Methyl Blue. Only a subpopulation 
of cells hybridise with the probe. The 
black grains are positive hybridisation 
signal. 
C. An adjacent section to B, probed 
with sense RNA from the 1.9 kb Rox5 
insert and stained with methyl blue. The 
sense probe does not hybridise. 
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gene P53. Furthermore, oestrogen stimulation of growing MCF7 cells causes alteration in 
expression of a number of genes which have been proposed to be regulated by this hormone and 
may also be involved in disease progression. Expression of three known genes including p53 
(Crawford et al.,1982), myc (Kelly and Siebenilist,1985) and psi! (Westley et al., 1984; Henry et al., 
1989; Thompson et al., 1990), are greatly enhanced within 48 hours of oestrogen stimulation. In 
contrast, expression of TGF-B rapidly decreases within the same time period, but rapidly increases 
again within 10 days (Knabbe et al., 1987). It would be interesting to know if expression of RoxS was 
altered upon oestrogen stimulation. Therefore, RNA was extracted at different time points from 
oestrogen stimulated MCF7 (RNA obtained from Dr. A. Thompson), and probed with Rox5, to 
determine if this gene was under oestrogen regulation. 
The levels of expression of RoxS during oestrogen stimulation did not alter significantly 
during the time points examined (figure 4.14) but remained unaffected by hormonal stimulation. 
Expression of RoxS is therefore not under hormonal control and does not respond to hormone 
stimulation. Further evidence for this conclusion is provided by the observation that the transcription 
of Rox5 did not change upon Tamoxifen treatment of xenographs. Tamoxifen is an antioestrogen and 
stimulates other subsets of genes that are not activated by oestrogen (Eckert and Katzenellenbogen, 
1982). 
4.3.3 Expression analysis of Rox5 during serum stimulation of MCF7W cells 
Recently it has been shown that transcription of a number of genes is rapidly increased 
following growth hormone or serum stimulation. These genes include the proto-oncogenes c-fos, c-
myc and c-jun (Lau and Nathans, 1987). The activation of a number of genes is greatly enhanced 
following serum stimulation of quiescent mouse NIH 3T3 fibroblasts (Chavrier et al., 1988; Chavrier 
et al., 1989; ). These genes have been grouped into the 'immediate early response genes' and 
include the proto-oncogenes c-fos and c-myc as well as many other genes whose function is unknown. 
At least three members of this family, Krox2O, Krox24 and Egr-1, contain zinc finger motifs in their 
coding sequence,(Chavrier et al., 1988; Lemaire et al., 1988; Sukhatme et al., 1988; McMahon et 
al., 1990). These genes are activated very early during Go to Gi transition in NIH3T3 cells and are 
Figure 4.14 Northern analysis of Rox5 in oestrogen or tamoxifen stimulated 
MCF7 xenoranh tumours 






Figure 4.11 Bottom panel is an ethidium stained gel of RNAs from a number of MCF7 
xenograph tumours stimulated with oestrogen or tamoxifen. The RNA was blotted, probed 
with Rox5, washed and exposed for 72 hours. (top panel). 18S ribosomal RNA and 28S 
ribosomal RNA are the size markers. 
Key: Lanes 1 and 15 are RNAs from unstimulated MCF xenograph tumours, lane 2 is 
RNAs from a regressing MCF7 tumour, lanes 3 and 14 are RNAs from MCF7 tumours 
stimulated with tamoxifen, lanes 4 to 8 and lanes 9 to 13 are MCF7 tumours stimulated 
with oestrogen for 12, 24, 36, 48 and 72 hours respectively, lane 16 is mouse retinal RNA. 
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Figure 4.15 Northern analysis of RoxS in serum starved and serum stimulated MCF7 
cells in culture 
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Figure 4.15 The left panel is an ethidium stained gel of RNA from serum stimulated or 
serum starved MCF7 cells. The RNA was blotted, probed with Rox5, washed and exposed 
for five days (top right panel). This RNA was also probed with GAPDH as an internal RNA 
loading control (bottom right). 18S ribosomal RNA and 28S ribosomal RNA are the size 
markers. 
Key: Lane 1 is RNA from growing MCF7 cells, lane 2 is RNA from cells grown on 0.5% 
FCS for 25 hours, lanes 3 to 9 are RNA from MCF7 cells stimulated with 15% FCS for 15 
minutes, 30 minutes, 60 minutes, 2 hours, 4 hours, 8 hours and 25 hours respectively. 
Lane 10 is foetal stomach RNA and lane 11 is foetal ovary RNA. RoxS is induced 
approximately five fold and an additional induced band is observed in cells grown in 0.5% 
FCS for 25 hours (arrow). 
proposed to be involved in control of cell proliferation (Chavner et al., 1988). To determine, if this 
zinc finger gene, RoxS, is a member of this immediate early response family, its expression during 
serum stimulation of MCF7 cells was followed. MCF7 cells were grown on DMEM plus 10% FCS 
for two days. When confluency was reached, the cells were split one in four and grown overnight. 
The following day the media was replaced and cells were plated in DMEM plus low serum (0.5% 
FCS). Cells were thus starved for 25 hours. Subsequently the MCF cells were stimulated with 
DMEM plus 15% FCS and at designated time intervals, cells were scraped off, frozen, RNA 
extracted, separated by denaturing gel electrophoresis, immobilised on a nylon membrane and 
probed with Rox5 (For details see section 2.2) 
It was found that at various times of serum stimulation, RoxS expression did not alter, 
however transcription was five to ten times higher in cells which were maintained on 0.5% serum for 
25 hours (figure 4.15). Furthermore, in the low serum control a second transcript was observed 
which is approximately 5.3 kb. This suggests that this gene responds to low serum stress by 
producing alternatively spliced products or that a second related transcript is induced as well as 
increased production of the normal transcript. 
4.4 Conclusion 
A cDNA has been isolated from a human retinal cDNA library in XgtlO using a degenerate 
homeobox oligo. This clone contains a 1.93kb insert Which has an open reading frame consisting of 
378 amino acids. The cDNA maps to chromosome 7q2 1 -7q22 and Southern analysis suggested that 
this gene is a member of a gene family which has been conserved during evolution. This proposal is 
supported by the fact that three clones were since isolated from a mouse 8 1/2 day library which 
exhibit different hybridisation intensities and different insert restriction sites, when screened with the 
cDNA. An alternative explanation is that the different hybridisation intensities observed between 
clones could be due to the isolation of different regions of the same gene. 
Within the open reading frame a number of zinc finger motifs were identified, suggesting a 
role for this gene in transcription regulation. There are 11 zinc finger motifs arranged into two 
domains, the first domain which contains three fingers is separated from the second domain, 
containing the remaining fingers , by 60 amino acids. Each finger is a 28 amino acid repeat unit and 
the conserved nature of the predicted amino acid sequence reveals that this protein is a member of 
the Krupple related zinc finger family. Furthermore each finger is connected to the next by a 
conserved H-C link ( amino acids in the H-C link are TGEK/RPFJYX , Schun et al., 1986) found in 
X.laevis TFIIIA and in the Drosophila krupple gap gene. This cDNA does not contain a poly (A) 
tail or an initiating methionine codon and therefore is not a full length transcript. The size of the 
complete transcript deduced from the size of the RNA on Northern analysis is 3.2kb. The results 
from Northern blot analysis, establishes the expression of this gene in all tissues examined, although 
expression intensity varies between tissues. Of particular interest is the elevated expression of this 
zinc finger gene in tumoursparticularly in malignant cells within the tumour. Preliminary results 
suggest this expression is not a consequence of regulativ4 by oestrogen in breast tumour cells. 
Elevated expression and differential transcription of this gene Nwreobserved following low serum 
plating of MCF7 breast carcinoma cells. This expression is induced very rapidly, within 15 minutes 
of serum deprivation. This result suggests that Rox5 may be involved in cellular stress response. 
Further analysis of the response of RoxS under different stress conditions e.g. heat shock, complete 
serum starvation, exposure to hydrogen peroxide will reveal if this is a general phenomenon. 
Three mouse cDNA clones and two human cDNA clones have been isolated using this gene as 
a probe. These genes have not yet been characterised but the availability of these clones will 
hopefully allow the construction of a full length human clone. In addition, further analysis of the 
mouse clones may identify an individual clone as the mouse counterpart of the human clone. This 
will greatly facilitate manipulation in embryonic cells and fine scale analysis of this gene in 
expression studies using in-situ hybridisation defining the temporal and spatial pattern of 
transcription. Furthermore it is hoped that in-situ analysis with this gene will provide an insight into 
the role that this gene may play in embryogenesis. 
CHAPTER FIVE 
Characterisation of two sequence related homeobox-containing genes in the 
developing mouse eye 
The highly conserved homeobox domain, originally identified in a number of Drosophila 
developmental genes as a 180 base pair protein coding motif that confers sequence specific binding 
(Desplan et al., 1988; Beachy et al., 1988; Hanes and Brent, 1989). This motif has been found in 
many eukaryotic species investigated and identifies genes which act as sequence specific 
transcription factors. During embryonic development cells in Drosophila become restricted into 
compartments which subdivide the body. The homeobox containing genes allocate identity to 
individual compartments thus determining each segment (Akam, 1987; Ingham et al., 1988). These 
genes therefore play central roles in controlling developmental decisions in Drosophila. Information 
on the developmental role of these genes in higher organisms has been difficult to obtain because of 
the limitations of genetic manipulation. However, it is predicted that they have analogous roles 
during mammalian development because these genes share a number of features with their 
Drosophila counterparts. Furthermore the collinear order of these genes on each chromosome 
reflects the anterior to posterior boundaries of their expression in the developing embryo in both 
vertebrates and invertebrates (Graham et al., 1989) (See section 1.5). 
A number of mammalian homeobox containing genes have now been identified and the 
regions in which they are expressed extend from the hind limb to the midbrain and include, the liver, 
kidney, spinal cord and vertebrae . Although some of these regions are derived from the neural 
ectoderm, expression has not been reported in the neural ectodermal derivatives of the eye. 
Furthermore, a homeobox containing gene has not yet been identified which is expressed more 
anterior than the fore brain or in regions in the front of the face. To date only one gene has been 
shown to be involved in segmentation in mammals, that is Hox -2.9 in the hind brain (see section 1.5) 
(Murphy et al., 1989; Wilkinson et al., 1989), but it is likely that as yet unidentified genes will have 
similar roles. 
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To date four distinct classes of Drosophila homeobox containing genes have been identified of 
which Antennaepedia (antp), engrailed (eng), paired (prd) and muscle segment homeobox (Msh) are 
the prototypes. The Msh family only contains one identified member in Drosophila and has diverged 
significantly from the other classes of homeoboxes sharing only 55% similarity with eng family, 50% 
with prd and less than 50% similarity with the Antp homeobox (11111 et al., 1989). The mammalian 
homeobox containing genes can similarly be divided into four distinct families. Two members of the 
Msh class have been isolated from a ?gt10 embryonic mouse 8.5 day library in this laboratory. 
These homeobox containing genes, Hox-7 and Hox -8, share an overall 60% identity at the amino 
acid level and 96% identity within the conserved homeodomain (Hill et al., 1989). The Drosophila 
Msh counterpart show 90% identity at the amino acid level within the conserved homeobox domain, 
with Hox-7 and Hox-8. 
The isolation of Hox-7, its characterisation and preliminary analysis in tissues outside the eye 
has previously been described (Hill et al., 1989; Robert et al., 1989). Hox-7 has been mapped to 
mouse chromosome 5 and Hox-8 has been assigned to chromosome 13. Northern analysis of RNAs 
from a series of embryonic stages show that the Hox-7 transcript is detected from day 9.5 pc and 
decreases at later stages (14 day p.c.) (Hill et al., 1989). Hox-8 whose expression pattern has 
subsequently been characterised using in -situ hybridisation, shares an overlapping yet sometimes 
exclusive pattern of expression in the developing embryo (D.Davidson, pers. comm.). Expression of 
Hox-7 is first detected at 6.5 days p.c. in the extraembryonic tissue using in-situ analysis (Robert et 
al., 1989) but Hox-8 expression has not been studied that early. These genes are expressed in the 
developing neural tube before and after closure and in the neural crest cells derived from it. At later 
stages of development, expression is restricted to regions of the central nervous system and at 15.5 
days p.c., for Hox-7 this expression is localised to the choroid plexus. Other defined regions in the 
hind brain label weakly with Hox-7 and Hox-8 on the 19 day of development which is the last day 
examined. 
In an embryo at 9.5 days pc, expression of both genes is also detected in the frontal 
mesenchyme of the head, the visceral arches, in the developing heart and in the fore and hind limbs. 
Recent evidence suggests that these genes are involved in defining medio lateral polarity in the 
developing embryo (personal communication Dr. D. R. Davidson). In the developing limb, Hox-8 is 
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localised in the apical ectodermal ridge whereas Hox-7 is confined to the mesenchyme defining the 
progress zone. Similarly in the developing maxillary process Hox-8 is mainly localised in the 
ectoderm but some expression is detected in the mesenchyme, whereas Hox-7 is located in the 
mesenchyme. In the developing heart, expression of Hox-7 and Hox-8 is exclusive, Hox-7 being 
restricted to the myocardium with Hox-8 confined to the pericardium. Furthermore, Hox-7 shows 
expression in the cushion pads of the heart. Both Hox-7 and Hox-8 are also detected in the nasal 
process, the lower jaw and in the interdigit regions of the developing foot pad (summarised in figure 
5.1). 
To date a homeobox containing gene has not been identified in the developing mammalian 
eye. Initial analysis of the in situ results suggested that these genes may be expressed in the mouse 
eye. Since Hox-7 and Hox-8 are expressed in cephalic neural crest cells and their derivatives, it is 
possible that these genes may play roles in structures in the eye which are of cephalic neural crest 
origin. To investigate the roles which these genes might play in the development of the mammalian 
eye, I used in situ hybridisation of RNA probes to sections of the developing eye in conjunction with 
detailed light and electron microscope observations of staged mouse embryo eyes. 
5.1 In-situ hybridisation of Hox-7 and Hox-8 during embryo genesis in mice 
A series of mouse embryos were prepared for in-situ hybridisation (section 2.18.1 to 2.18.3) 
ranging from 8.5 days p.c. to 19.5 days p.c.. The cDNA probes specific for Hox -7 and Hox -8 were 
the restriction fragments indicated in figure 5.2, subcloned in front of the T7 promoter of pTZ18U. 
Synthesis of the 35S  labelled RNA was prepared as described in section 2.18.4. 
5.1.1 In-situ analysis of Hox-8 transcription during eye development in mice 
The development of the mouse eye is summarised in figure 5.3. At 9 day post coitum (p.c.), 
the optic vesicle is distinguished as an evagination of the neural epithelium attached by a thin optic 
stalk to the lateral wall prosencephalon (figure 5.3a). The neural epithelium is in close association 
with the surface ectoderm. Inductive influences cause lens placode formation which is seen as a 





The pattern of expression of Hox-7 is shown in bright field illumination illustrating labelling 
in the position of the developing maxillary process (m) and the lower jaw (j). Labelling is 
also detected in the developing limb bud (1), cushion pads of the heart (h), gut wall (g) and 
neural crest cells and their derivatives (nc). (This slide was a gift from Dr. D.R. Davidson 
and Dr. R.E. Hill). 
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Figure 5.2 Hox-7 and Hox-8 probes used for in situ hybridisation 
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The open boxes are the coding regions. The shaded area is the conserved homeobox motif. 
The probes pHox-7 and pHox-8 cloned in the Bluescript vector were used as templates to 
make radioactive RNA for in situ hybridisation. 
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A.On the ninth day of development, the eye primordia is distinguished as an optic vesicle 
(OV) attached to the ventral wall of the prosencephalon via the optic stalk (OS). B. On the 
tenth day the lens placode rounds up to form a lens vesicle (LV). Lens vesicle formation 
facilitates invagination of the optic vesicle to form a bilayered optic cup (OC). C. By the 
fifteenth day of development the lens vesicle has detached from the surface ectoderm to 
form the primitive lens (L). The neural retinal layer (NR) of the optic cup has begun to 
differentiate thus distinguishing the retinal layer from the iris/ciliary body rudiment. 
PC, primitive cornea, PE pigment epithelium D. During subsequent development, the 
ciliary body becomes morphologically distinct from the iris on the sixteenth day of 
development. The optic nerve (ON) invades the developing eye and the retina 
continues to differentiate into its neural and photoreceptor layers. NR neural retina; 
I, iris; C, cornea; CE, ciliary epithelium; NE, neural ectoderm; SE surface ectoderm. 
thickening in the surface epithelium juxtaposed to the optic vesicle. At this stage expression of lox-
8 RNA is restricted to the surface epithelium and to the region of the neural epithelium that is in 
close association with it (figure 5.4a). This is the region of the neural epithelium that will become 
the inner layer of the optic cup. The expression in the surface epithelium is restricted to an area 
immediately surrounding the optic vesicle. These cells will later differentiate into the cornea! 
epithelium. 
Over the next 24 hours lens invagination proceeds and this facilitates infolding of the neural 
ectoderm, resulting in the formation of a bilayered optic cup (figure 5.3b). Lens vesicle formation 
follows and the inner layer of the optic cup later differentiates into the neural retina, ciliary body and 
iris (figure 5.3d). At 10.5 days p.c., Hox-8 RNA is detected in the lens placode and invaginating lens, 
surface ectoderm and inner layer of the optic cup (figure 5.4b). This pattern of expression is 
maintained through the 11th day of development when the lens placode has rounded into a lens 
vesicle (5.4c). The concentration of Hox-8 transcripts seems quite high at this stage in the lens and 
inner layer of the optic cup. . The expression of Hox -8 on the 11th day is not distributed uniformly 
throughout the inner layer of the optic cup but is absent from its apical portion in the presumptive 
iris/ciliary body region (figure 5.4c): the boundary between expressing and non expressing cells is 
diffuse in the apical regions. It is therefore difficult to determine the exact apical boundary of IIox-8 
expression in the optic cup. This suggests that Hox -8 RNA is localised to the presumptive retinal 
region of the inner layer of the optic cup. In addition the region of lox -8 expression in the surface 
ectoderm becomes restricted. On day 11.5 p.c., its transcripts are restricted to a small domain 
extending from the arms of the optic cup, covering the lens. This pattern of transcription suggests that 
Hox-8 is confined to the presumptive corneal epithelium region. Early on the twelfth day of 
embryonic development, weak expression of lox -8 is confined to the inner layer of the optic cup, 
the surface epithelium and the invaginating lens (figure 5.4d). Later on that day transcription can no 
longer be detected in the lens or inner optic cup. The expression in the presumptive corneal 
epithelium remains high compared to that in the lens but is no longer detected a day later in cornea! 
regions. These results indicate that the prospective retina and corneal epithelium are already 
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Figure 5.4. 	';i-tH i 	 c1 and Hox-8 (rigal jtn 	4 day mouse 
embryo optic vesicle. Hox-7 expression is confined to the mesenchyme surrounding the 
eye. Hox-8 is detected in the surface ectoderm and in the region of the optic vesicle that 
is in close association with it. Optic vesicle (ov), surface ectoderm (Se) and mesenchyme (m). 
(This slide was a gift from Dr. D.R. Davidson photographed on the confocal microscope). 
The scale bar is 100 microns in all confocal photcrapTi 
Figure 5.413 Expression of Hox-8 in a 10.5 day mouse embryo optic cup.Hox-8 is detected 
in the lens placode (Ip) and invaginating optic cup (oc), (left panel). At a slightly later stage 
Hox-8 expression is detected in the developing lens vesicle (lv) and surface ectoderm 
immediately surrounding (Se), (right panel). (Photographed on the confocal microscope). 
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Figure 5.4 	 I1\i iicij )!i1) 	 I1L 	 iii Iiie 11.5 day mouse 
optic vesicle. Hox-8 is detected in the presumptive corneal epithelium (Ce), the lens vesicle 
(lv) and in the presumptive retina (pr). Expression of Hox-8 is absent from the apical portions 
of the inner layer of the optic cup which will differentiate into the ciliary body and the iris 
(cb/i). Hox-7 is localised to the mesenchyme which migrates into the eye to form components 
of the cornea (c). Weak expression of Hox-7 is also detected in the apical portions of the inner 
layer of the optic cup (arrow).(Slide gift from Dr. D.R. Davidson photographed on the confocal 
microscope 
Figure 5.41--) L 	 ,)1 I IoxI 11 I pdnel) and 1lox- (Fight panel) in the 12.5 day mouse 
optic vesicle. Weak Hox-8 expression is detected in the presumptive retina (pr). In the inner 
layer of the optic cup, Hox-7 expression is localised to a small area of cells (arrow) just 
below the apical portion of the optic cup. Lens (1), pigment epithelium (pe) and cornea (c). 
(Photographed on the confocal microscope). 
5.1.2 In Situ analysis of Hox-7 transcription during eye development in mice 
Hox-7 expression is also restricted to a specific region of the inner layer of the developing 
optic cup; however in contrast to Hox-8, expression is first detected in a few cells at day 10.5 p.c. 
(figure 5.4c). At this stage lens invagination is occurring simultaneously with optic cup formation. 
The expression is very weak but is localised in a few cells in the apical portions of the inner layer of 
the optic cup. This expression is stronger on day 12.5 p.c. (Figure 5.4d) when the lens pore has 
closed, the lens stalk has detached from the surface ectoderm, and the bilayered optic cup consists of 
an undifferentiated inner layer of neural epithelium and an outer pigment epithelial layer (figure 
5.3c). Close examination of this expression reveals that it is localised to a diffuse area of cells 
below the apical portion of the inner neural epithelium. The most distal region of Hox-7 expression, 
from the apex of the inner layer of the optic cup, overlaps proximal Hox-8 expression by a few cell 
diameters. These boundaries are more sharply defined a day later, (13th day of development) when 
the boundaries between expressing and nonexpressing cells are more clearly defined (data not 
shown). This band of cells is localised in the region which will give rise to the ciliary body in the 
adult retina. Hox-7 therefore defines the pre-ciliary body domain in the developing eye. 
This band of expression is asymmetric with a signal of greater intensity on the nasal side of the 
developing lens clearly seen on the 15th day of development (figure 5.4e, 5.40. This asymmetry 
correlates with morphological analyses of the development of the ciliary body, as ciliary folding is 
first observed on the nasal side of the inner layer and differentiation then proceeds from that point 
around the lens (Bard et al., 1987a, 1987b). This asymmetric pattern of hybridisation is maintained 
until day 16 p.c. when the hybridisation signal intensity reaches its maximum (figure 5.4g). The 
intensity then continues to decrease until the latest stage examined, 19.5 days p.c., when the 
boundaries of expression become less distinct (figure 5.4h). At this stage Hox 7 expression in the 
inner layer of the optic cup is no longer a distinct band. These results suggest that the ciliary body is 
distinct from the other regions of the inner layer of the optic cup by at least day 12.5 p.c., by virtue of 
its Hox-7 expression. 
Weak expression of Hox-7 is observed between 11.5 days p.c. and 14.5 days p.c., in the 
inesenchyme between the surface epithelium and the lens (figure 5.4c, 5.4d) but is absent from the 
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Figure 5.4E Expression of Hox-7 in the 15.5 day developing mouse eye. Expression is 
localised to the presumptive ciliary body region (arrow) of the inner layer of the optic 
cup. The signal is more intense on the nasal side of the developing eye (n). (Bright field 
photograph, magnification = X -O ) 




Figure 5.4F Expression of Hox-7 on the nasal side of the inner layer of the optic cup 
in the 15.5 day mouse embryo. Hox-7 expression is localised to a precise band of cells 
in the presumptive ciliary body region and is absent from the apex (a) where the 
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Figure 5.4.G Expression of Hox-7 in the 16.5 developing mouse embryo eye. Expression 
reaches a maximum and is localised in the ciliary body region of the developing inner 





Figure 5.4H Expression of Hox-7 on the nasal side of the developing mouse embryo eye. 
Expression is very weak at this stage and is localised to a diffuse area of cells in the ciliary 
epithelium (arrow). These mice are C57/BL6 and therefore have a pigmented, pigmented 
epithelium (pe). Lens (1) and retina (r). (Bright field photograph, magnification = X1(O ). 
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surface ectoderm where Hox-8 expression is detected. This expression we attribute to the neural 
crest origin of this mesenchyme which contributes to corneal formation (Meier, 1982). Careful 
examination of this expression in the neural crest cells suggests that this wave of crest expression 
does not join with the surrounding neural crest Hox-7 positive cells. 
5.2 Light and Electron microscope analysis of the developing mouse eye 
To determine if Hox-7 expression precedes morphological transformation of the ciliary body, 
a series of light microscope and transmission electron micrographs of sections of the developing 
embryonic mouse eye, from the twelfth day p.c. to birth were examined. Sections were searched for 
signs of nuclear elongation or surface folding which is characteristic of ciliary body formation (Bard 
and Ross, 1988). It has also been suggested that the cessation of DNA synthesis, i.e the absence of 
mitotic cells in particular regions of the inner layer of the optic cup may serve as a useful marker for 
the beginning of cellular differentiation (Stroeva, 1967). Therefore the relative abundance of mitotic 
cells in particular regions of the inner layer fo the optic cup was also noted. 
On the twelfth and thirteenth day of development, mitotic cells are seen in the outer cells of 
the inner layer of the optic cup , but, cells near the vitreal surface of the optic cup are rounded and 
the surface membrane is smooth. It was concluded that the cells are morphologically alike. It is 
difficult to distinguish morphologically the iris, ciliary body or retina at this stage (figure 5.5a, 5.5b). 
The first signs of morphological differentiation in the inner neural epithelium occur on day 14 p.c., 
when the neural layer of the retina becomes distinct (figure 5.5c). At this stage ganglion cell layer 
differentiation in the neural retina has begun and is indicated by a number of lightly staining nuclei 
on the vitreous side of the optic cup. A diffuse boundary can clearly be seen between the bilayered 
neural retina and the undifferentiated ciliary body/iris rudiment. Mitotic cells are observed 
throughout the optic cup at this stage. 
The first signs of ciliary epithelial morphological transformation are indicated by the 
beginning of nuclear elongation and cell detachment in the ciliary body rudiment between day 14.5 
p.c. and 15.5 p.c.. On day 15.5 p.c. the first signs of surface folding, which is characteristic of the 
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Figure 5.5A Light microscope photograph of the anterior regions of the inner layer of the 
optic cup in a 13.5 day mouse embryo. The retina (r), ciliary body (cb) and iris (i) regions are 
morphologically alike. Mitotic cells are observed in the basal regions of the inner layer of the 
optic cup (arrow). Lens (1), pigment epithelium (pe). (Magnification = X I 10 ). 
Figure 5.5B An electron microscope composite of a section through the anterior regions of 
the inner layer and tip of the optic cup in a 13.5 day mouse embryo. Iris (i), ciliary body (cb) 
and retina (r). (Magnification = X2894). 
AS 
.4. 
: Vt 41% -; 
• 	 . 
. . 
Ib 	 ,. - 	- 
.. 	 , .. 
't . Goak 
g1.• 	 - 	. 
Figure 5.5C Light microscope photograph of the ciliary body region of the inner layer 
of the optic cupof a 14.5 day mouse embryo. Nuclear elongation is observed. Lens (1), 
ciliary body (cb). (Magnification = X ito). 
-f- ;. 
- •!I 	 .4. 	•j• 
• 
j 
•' 	''" , 
.. 
•- 




Figure 5.5D Light microscope photograph of the nasal side of the developing optic cup 
in a 15.5 day mouse embryo. Surface folding can be observed in the ciliary body region 
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Figure 5.5E Electron microscope composite of the inner layer and tip of the optic cup of a 
16.5 day mouse embryo. Lens (I), ciliary body (cb), iris (i), mitotic cell (arrow) and 
pigment epithelium (pe). (Magnification = X2894). 
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Figure 5.5F Electron microscope composite of the ciliary epithelium in the developing 
optic cup in a 18.5 day mouse embryo. Surface folding and elongated nuclei can be 
observed (arrow). Lens (1), retina (r) and iris (i). (Magnification = X2894). 
of the inner optic cup at this stage. On the 16th day of embryonic development the ciliary body 
morphogenesis continues (figure 5.5e) but mitotic cells are no longer seen in the ciliary body region. 
Examination of electron micrographs through the apical regions of the inner layer of the optic cup 
reveals that the iris is becoming distinct morphologically from the ciliary body. The iris diameter of 
the optic cup in this region is narrower and mitotic cells are clearly seen in the iris region (figure 
5.5e, arrow) Mitotic cells are continuously seen in the outer ventricular layer of the neural retina until 
birth. At 18.5 days p.c. the convoluted surface of the ciliary epithelium clearly distinguishes it from 
the differentiating retina below and the iris above (figure 5.5±). The pars plicata of the ciliary 
epithelium an clearly be distinguished from the pars planar and therefore the ciliary body can easily 
be distinguished from the retina and iris. 
From these observations, it can be concluded that the ciliary body becomes morphologically 
differentiated on day 14 p.c. The localised expression of Hox-7 in the ciliary body region therefore 
precedes morphological differentiation by at least two days. 
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5.3 Conclusion 
This study therefore suggests that two sequence-related homeobox-containing genes are 
involved in pre-pattern formation in the optic cup. Both genes show restricted patterns of expression 
in the inner layer of the optic cup before morphological demarcation can be observed. Thus, the 
inner layer of the optic cup is already patterned by the twelfth day of development before the intra-
retinal gap is closed and before contact with the outer pigment epithelium layer. The pattern of Hox-8 
expression suggests that this gene is transiently involved in retinal differentiation by defining the 
region of the optic vesicle that will differentiate into the neural retina whereas I-!ox-7 defines the 
region of the inner layer of the optic cup that will differentiate to become the ciliary body. Hox-8 
RNA is also detected in the developing lens during its initial stages of morphogenesis, from lens 
placode formation through to lens vesicle formation. This pattern of hybridisation suggests that 
furthermore Hox-8 plays a transient role in lens formation as once lens vesicle formation is 
established at day 12.5 p.c., its expression is no longer detected. 
The formation of the cornea may also be influenced by these genes. Hox-8 expression is 
detected in the surface ectoderm, restricted to the region surrounding the optic vesicle and later to the 
region covering the lens vesicle and optic cup. This area differentiates to form the outer layer of the 
cornea, the cornea! epithelium. In contrast 1-lox -7 expression is localised to the mesenchyme cells 
which migrate into the region between the surface ectoderm and the lens to form components of the 
cornea! stroma. This expression is weak compared to the expression in the ciliary body on the 13th 
day of development and is not detected after the 14th day of embryonic development. Therefore Hox-
7 and Hox-8 may in concert, participate in or define the early steps of corneal formation. The 
expression of these two genes in the cornea is separated from the expression of these genes in the 
population of neural crest cells migrating from the neural tube. 
Hox-7 expression in the ciliary body on day 12 p.c. is DE novo synthesis as is synthesis of 
Hox-8 in the optic vesicle on day 9 p.c.. It is difficult to determine if expression of these two genes 
in the lens and cornea is also de novo synthesis as migrating neural crest cells are in the vicinity, and 
cranial neural crest cells express both Hox-7 and Hox-8 (Dr. D.R. Davidson, personal 
communication), but expression of Hox-8 in the presumptive corneal epithelium is not collinear 
with the migrating cranial neural crest cells. This suggests that this expression may also be DE novo. 
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These genes therefore act as early developmental markers of retina and ciliary body differentiation in 
the developing vertebrate eye. 
CHAPTER SIX 
Discussion and Conclusion 
Our understanding about the mechanisms involved in eye function can be greatly expanded by 
studying the roles which individual genes play in eye development and maintenance. The work 
presented in this thesis is one step towarththe elucidation of the complex interactions which occur 
during eye morphogenesis and during cellular adaption to different environmentonthdons. The role 
of three different DNA binding proteins is analysed. This thesis describes the isolation and 
characterisation of a previously unidentified human transcription factor, Rox5, which is located an 
chromosome 7q21. This gene is ubiquitously expressed, but serum deprivation of a breast cancer cell 
line leads to rapid induction of Rox5 and a related gene. These genes are proposed to play a role in 
cellular stress response. Using in situ hybridisation, this thesis also analyses the role which two 
sequence related mouse homeobox containing genes play in normal eye development. The major 
findings can be summarised as follows. A human Kruppel related zinc finger containing gene 
isolated from a human retinal cDNA library maps to chromosome 7q2 1, is ubiquitously expressed 
and is differentially regulated during stressed conditions in cells. Two unlinked mouse homeobox 
containing genes, Hox-7 and Hox-8, are involved in prepattem formation in the developing eye. Hox-
8 defines the region of the surface ectoderm which will differentiate into the corneal epithelium and 
also defines the region of the inner layer of the optic cup which will differentiate into the retina. Hox-
7 defines the domain of the ciliary epithelium in the inner layer of the optic cup. Both genes are 
localised to these domains before morphological differentiation occurs. These results suggest that 
these genes are producing or responding to early inductive signals which are required to coordinate 
eye development. 
5.1 The isolation of a retinal gene 
A number of techniques were employed in an attempt to isolate a gene which is required for 
retinal function. These techniques included differential screening and subtractive hybridisation. As 
discussed in chapter three, differential screening and subtractive hybridisation are useful techniques 
for isolating genes which are expressed exclusively or differentially in one tissue and not in another. 
Differential screening allows access to genes which are members of the high and middle abundance 
class of RNA but is not a useful technique for isolating genes which represent low copy RNA species. 
Subtractive hybridisation essentially enriches for sequences which are expressed in one tissue and not 
another thereby selecting genes which are expressed exclusively in one tissue. This enrichment 
process allows access to tissue specific genes which are represented infrequently in the library. 
However, neither technique produced a positive clone. A number of reasons for this have been 
proposed (section 3.6) but one of the main inbuilt disadvantage to these techniques is that they 
preferentially selects for genes which are abundantly expressed in one tissue. Genes which represent 
members of the high abundant mRNA classes will be isolated more frequently than genes from the 
lower abundant classes and it is likely that these genes will have already been characterised. A 
careful screening procedure is required to eliminate previously identified genes from the pool of 
positive clones. Although subtractive hybridisation allows access to the less abundant classes of 
RNAs, it does not permit identification of differentially expressed genes. 
Using differential screening or subtractive hybridisation to isolate tissue specific genes 
assumes that only genes which are differentially expressed in one tissue can have important 
biological roles. But this is not the case for a number of genes, for example the retinoblastoma gene 
which at equivalent levels in all tissues is clearly important in retinal cells function as mutations in 
this gene lead only to photoreceptor tumours. The two homeobox containing genes characterised in 
this thesis may not have been identified using these techniques since they are expressed in number of 
different organs in the developing mouse embryo at the same time. These techniques are more useful 
for isolating genes from tissues which are closely related and therefore have very few different genes 
for example isolating stage specific genes from one organism (Dworkin and Dawid, 1980, Kreg and 
Mellon, 1985 Keieg et al., 1989); or for isolating normal and abnormal gene counterparts from the 
same tissue as demonstrated by the isolation of the rd gene (Bowes et al., 1989). 
The third approach used to isolate previously unidentified genes from the retina was to screen 
for specific genes using probes made to conserved protein motifs. This method is based on the view 
that sequence homology reflects functional homology. This is a more direct approach as it selects for 
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genes which are known or proposed to be required but which have not yet been identified. This 
eliminates the need to screen positive clones with probes from already identified genes. In most cases 
it will also provide an insight into the type of gene isolated or the role which the gene may play. A 
number of genes have been isolated in this way including homeobox containing genes (Jackson et al., 
1987; Baron et al., 1987; Hill et al., 1988, 1989; Robert et al., 1989, zinc finger genes (Ruitz i Altaba 
et al., 1987; Chavrier et al., 1988; Bellefroid et al., 1989) and mouse paired genes (Deutsch et al., 
1988; Dressler et al., 1990). 
This thesis describes the isolation of a zinc finger containing gene using a homeobox 
oligonucleotide as a probe. The cross hybridisation was fortuitous probably as a result of the high 
salt and low temperature conditions of the hybridisation. It is clear that this gene does not have a 
hOmeobox motif and this demonstrates one drawback of this technique. 
52 RoxS: a putative DNA binding protein 
The predicted protein sequence of Rox5, deduced from the nucleotide sequence, contains a 
number of kruppel related zinc finger motifs. The entire coding region of this gene consists of ten 
zinc finger motifs arranged in two domains. The first domain, consists of three fingers is separated 
from the second, containing seven fingers, by a proline rich region. From analyses of other zinc 
finger containing genes, it can be assumed that the function of Rox5 is to bind DNA and effect 
transcription. 
The ability of Rox5 to bind DNA and influence transcription is only inferential. The proposal 
that zinc finger containing proteins bind DNA and act as transcriptional regulators is based on two 
observations: the first that a number of known transcription factors contain the conserved zinc finger 
motif, and second, that the intact zinc finger domain is required to mediate transcriptional regulation. 
The original characterisation of this DNA binding domain came from the observation that a known 
Xenopus transcription regulator, TFIIIA, binds to 50bps within the internal region of 5S RNA genes 
and is required for accurate transcription initiation (Engelke et al., 1980; Bogenhagen et al., 1980 
Sakonju et al., 1981; Sakonju and Brown, 1982). This protein binds 7 to 11 Zn(II) ions per 
nbonucleoprotein and contains nine homologous units of 30 amino acids (Miller et al., 1985). It was 
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proposed that each unit folds into a finger like structure which interacts with a zinc ion which 
mediates DNA binding. Subsequently a mechanism was proposed in which the tip of each zinc 
finger binds in the major groove of DNA and interacts with 5 base pairs of the ICR of 5S RNA 
genes (Rhodes and Klug, 1986). This has become the prototype for a large number of zinc finger 
DNA/RNA binding proteins. 
Direct evidence that the zinc fingers specifically confer DNA binding activity comes from 
experiments in which mutations in the zinc fingers abolish activity of the encoding protein. Point 
mutations in the finger regions of two homologous genes which bind similar DNA sequences, GAL4 
from Saccharomyces cerevisiae and LAC9 from Kluyveromyces lacris, abolish DNA binding activity 
and alter functional specificity (Kuger et al., 1990; Johnston and Dover, 1987). Three suppressor of 
initiator codon mutants have been identified (suil, sui2 and SUB) in yeast, which confer translation 
initiation ability on a gene that does not contain an AUG start codon. One of these genes contains 
mutations in a zinc finger (C2-C2 type) and allows initiation at UUG instead(Donahue et al., 1988). 
The target specificity of glucocorticoid receptor (a C2-C2 zinc finger gene) can be abolished by 
specific point mutations in the zinc finger domain. Furthermore its specificity can be altered to that 
of oestrogen receptor, by the substitution of three amino acids in the finger sequence so that the 
glucocorticoid zinc finger resembles that of oestrogen receptor (Umesono and Evans, 1989; 
Danielson et al., 1989). 
The repeated nature of the fingers in Rox5 therefore suggests that these regions binds to a long 
stretch of DNA and interacts specifically with at least 50 nucleotides (10bps per finger, Rhodes and 
Klug, 1986). In addition multiple fingers may also indicate multiple DNA specificities which would 
allow very specific DNA recognition. Nuclear magnetic resonance imaging of the structure of a 
number of individual zinc finger postulate that the first ten amino acids of the finger (encompassing 
the last two amino acids of the H-C link and the following CX2CX3F sequence) form two anti-
parallel strands followed by an a-helix (Figure 1.10). Modeling studies indicate that the zinc fingers 
track around the DNA with the helix lying in the major groove (Gibson, 1990). It is proposed that the 
specificity of DNA interaction is due to the amino acids in the loop i.e. amino acids between 
phenylalanine and histidine (Knockel et al., 1990). The predicted protein sequence of RoxS is 
consistent with this theory. Amino acids in the putative DNA binding region of Rox5 are polar or 
small and would therefore be able to fit into the major groove of DNA to make specific contacts with 
the DNA (amino acids K,R,N,H,A). In addition, there is a high proportion of basic amino acids 
between CXzC and HX2H which would stabilise these specific binding of protein and DNA by 
binding to the phosphate backbone (figure ib). Specific nucleotide recognition is therefore mediated 
by only a few amino acids within each individual finger. 
This motif has been shown to be present in a number of other transcription regulators in a 
variety of organisms. The specific binding sites of a number of zinc finger proteins has been 
established and these sites vary in size and sequence. The DNA binding capacity of SP1 has been 
mapped to zinc fingers in the C-terminal portion of the gene (Mc Knight and Tjian, 1986; Maniatis et 
al., 1987; Kadonaga et al.,1987). This region binds to a ten non palindromic GC rich sequence 
(GGGGGGCGGG) in the upstream region of a number of genes in animal cells (Dynan and Tjian, 
1983; Courey and Tjian, 1988). In addition, the mouse segment specific gene Krox-20 contains three 
closely related zinc fingers which have been shown to bind in vitro to two specific DNA sequences 
upstream of the mouse homeobox containing gene Hox-1 .4. When multiple Krox-20 binding sites are 
placed upstream from the herpes simplex virus thymidine driving the Chlorampheniol acetyl 
transferase gene, transcription is activated in cultured Drosophila cells upon the addition of Krox-20 
(Chavner et al., 1990). Both recognition sequences are similar in length and sequence, containing a 
core sequence of GGGGGCGG. This similarity has been attributed to the observation that putative 
DNA binding amino acids in the fingers are similar (Dynan and Tjian, 1990). Both genes contain 
three fingers and the first and third finger of Krox-20 closely resemble the second finger of SP1. 
SP1 finger 2: CX4C GKR F TRSDE L OR H RKT H TGEKKFA 
Krox-20 finger 1: CX4C DRR F SRSDE L TR H IRI H TGHLPFQ 
Krox-20 finger 2: CX2C GKR F ARSDERL R H ThI H 
The underlined region is the putative region that interacts with DNA. Similarly the first and 
third fingers of SP1 are related to the second of Krox-20. If this is a general rule then the first three 
fingers in domain 1 of Rox5 have different DNA recognition sequences to the last seven in the second 
domain. The amino acids between F and H in the first domain are very similar to each other with a 
FrhKPnLXsHrri consensus sequence (capital amino acids are 100% conserved between fingers). The 
second domain has a more diverged sequence and only one finger (Finger 7) fits this concensus 
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sequence. This observation suggests that similar DNA binding amino acids in the cc-helix region of 
each finger have similar recognition sequences. 
Searching the database with Rox5 for protein homologies or similarities revealed that Rox5 is 
similar to a number of Kruppel related zinc finger genes. This family is characterised by a 
conserved motif which connects the fingers (TGEKPY/FX). The fingers in the second domain share 
similarities with fingers in the mouse gene mKRJ mkr2, and Krox-8 genes and the human Hkr4 and 
HKR1 genes. 
Rox5 finger 6: C EE C GRR F QG$f k AA H RPD H 
Rox5 finger 8:CPDC GKA F 5QESN L VS H RJ H 
RoxS finger 9: C PD C DRS F S-QK .SN L  IT H RKS H 
Krox8 finger l:CPEC GKC F aQR.SN L  LA  H NT H 
Krox8 finger2: C LD C GKS F HSH L TA H QRT H 
Krox8 finger3: C PL C GKS F aRR.SN L HR H E* 
mKR2 finger l:CHEC GKA F S-QSMN k TV  H QRT H 
mKR2 finger 5: C TE C GKA F QSAY k JE H RRI H 
HKR4 finger 3: C GQ C GRA F SHSSH F TQ H LB,j H 
HKRl finger 5:CREC GRG F R_QILSH k VR  H KT H 
HKRl finger 6:CREC EQG F KK.SH k JR H LT H 
The similarity does not extend outside these regions. The similarities between the putative 
DNA binding regions of these genes and Rox5 is as extensive as between individual RoxS fingers, 
therefore it can be predicted that these proteins may have related recognition sequences. 
The members of the Kruppel related zinc finger protein family provide a variety of different 
functions. Numerous genes have been isolated which contain zinc finger motifs but whose function is 
as yet unknown. Some zinc finger genes are expressed in a cell type specific manner like the 
Drosophila gap genes Hunchback, Kruppel and Knirps which are required during blastoderm stage 
of development for proper segmentation of the embryo (Preiss et al., 1985, Rosenberg et al., 1986; 
Schun et al., 1986 Tautz et al., 1987). The mKR1 and mkr2 genes contain seven and nine tandemly 
9 MIS 
repeated fingers respectively (Chowdury et al., 1987). Both genes show a drastic reduction in 
expression upon differentiation of mouse teratocarcinoma cell line with retinoic acid and cAMP. 
,nKr2 shows specific expression in the developing nervous system and in the neurons of the central 
and peripheral nervous system of the adult (Chowdhury et al., 1988). This data is consistent with a 
role for mKr2 in differentiation and maintenance of neurons. Gil is a gene which is specifically 
amplified in a subset of human gliomas (Kinzler et al., 1987). These genes have potentially 
important roles in controlling cellular differentiation and embryogenesis. In addition, there are a 
number of zinc finger containing proteins which are expressed in most cell types and are proposed to 
be involved in the regulation of fundamental biological processes. These genes include Krox-20 - 
which is rapidly induced upon serum stimulation and is expressed at low levels in all tissues, but 
also, in specific rhombomeres in the developing mouse brain. Krox-20 is proposed to be involved in 
segmentation of the developing mouse brain (Wilkinson et al., 1989). Egri, which is also an early 
growth response gene (Sukhatme et al., 1987; Sukhatme et al., 1988; Lemaire et al., 1988) is detected 
throughout foetal mouse development in several different cell types. Krox-8 contains at least three 
tandemly repeated zinc fingers and is expressed in a ubiquitous manner in all tissues examined 
(Chavrier et al., 1988). The human Kruppel related genes Hkrl and Hkr4 contain at least 8 and 6 
fingers respectively, are also expressed ubiquitously but show high expression in spleen, a 
glioblastoma cell line D245MG and in two embryonal carcinoma cell lines Tera-1 and NTera-2 
(Ruppert et al., 1988). This is reminiscent of the expression pattern of Rox5 which is also 
ubiquitously expressed in the tissues examined, moderately expressed in the spleen but highly 
expressed in a number of tumours and in the breast tumour cell line MCF7. At the DNA level Rox5 
is most similar to a number of fingers in HKR4. This pattern of expression may therefore be 
characteristic of a sub-family of zinc-finger proteins, of which Rox5 is a member, which are required 
to regulate fundamental cellular processes. 
5.3 The role of split DNA binding domains 
The existence of split zinc finger domains in Rox5 is not unique. A number of other zinc finger 
proteins contain split finger domains including a Xenopus zinc finger protein Xfin which has three 
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domains of 7,3 and 5 fingers (Ruitz i Altaba et al, 19870; two Drosophila genes serendipity and 
hunchback (Vincent et at., 1885;Tautz et al., 1987) which contain domains of 6+1 and 4+2 fingers 
respectively and the steroid/hormone receptor superfamily of CC-CC zinc finger proteins contain 
fingers in split domains. Oestrogen receptor contains two zinc finger motifs which are separated by 
an intron. In the presence of oestradiol, two receptors dimerise and bind to palindromic sequences of 
the oestrogen responsive element. It is proposed that the second finger, in conjunction with a 
separate oestrogen inducible domain, mediates dimerisation (Kumar and Chambon, 1988). 
Furthermore, retinoic acid receptor and thyroid hormone receptor have been shown to form 
heterodimers which exhibit binding properties which are distinct from thyroid hormone receptor 
alone and which exert novel regulatory effects in the tissues in which they are both expressed. 
Mutations in the zinc finger domains of either receptor abolished this activity (GL ss et at., 1989). 
These results indicate that the zinc finger domain is required for cooperative interaction between 
thyroid hormone receptor and retinoic acid receptor. The function of split domains is unknown but 
these results suggest that zinc finger domains also mediate both homo and hetero dimer formation. It 
is therefore possible that split domains could be a mechanism in which the sequence specific DNA 
binding domain is separated from the dimerisation domain. Alternatively, if all the domains are 
involves in DNA sequence specific contact to regulatory regions, it could enable the intervening 
domains to loop out which would facilitate protein-interaction. 
5.4 Rox5: a putative transcriptional activator 
From the complex pattern of expression of different members of the Kruppel related zinc 
finger family and their predicted roles in differentiation, development and growth, it can be deduced 
that similarity between zinc finger domains is purely a reflection of the requirement for DNA binding 
and not functional similarity, as observed in the homeobox DNA binding motif. Homeobox-
containing genes identify genes putatively involved in embryonic development. The presence of a 
zinc finger motif identifies proteins which are involved in transcription regulation and not 
specifically developmental regulation. In general, the binding of these domains (homeobox and zinc 
finger) to their DNA recognition elements is not sufficient to trigger transcription. In most cases the 
regulatory activation or repression domains are located apart from the finger domains. This is 
demonstrated in finger swap experiments, in which the oestrogen receptor finger domain is replaced 
by the glucocorticoid receptor finger domain, this results in a hybrid protein which activates 
expression of a glucocorticoid inducible gene in response to oestradiol (Green and Chambon, 1987). 
Together these results indicate that the finger domains are required for specific DNA binding but that 
associated domains are required for activation or repression of the target genes. 
At least four types of domains have been associated with transcriptional activation: glutamine 
rich domains observed in SP1 and in the Drosophila Antennaepedia and Zeste genes (Courey et al., 
1988; 1989); acidic domains observed in the Drosophila homeobox containing genes Antennaepedia 
and Ultrabithorax (Windslow et al., 1989; Krasnow et al., 1989) and in the yeast gene GAL4 
(Ptashne, 1988); amphipathic a-helices observed in transcription activation regions of bacteriophage 
? and 434 repressors (Ginger and Ptashne, 1987); and proline rich domains demonstrated in the C-
terminal end of the human gene CTF-1INF-1 (Mermod et al.,1989), also present in the Drosophila 
Kruppel and Hunchback zinc finger proteins (Rosenberg et al., 1986; Tautz et al., 1987) and in the 
oestrogen and progesterone receptors (Kumar et al., 1987; Gronemeyer et al., 1987). The inter-finger 
domain in Rox5 is conspicuous because of its high proportion of prolines. It is possible that this 
domain participates in transcriptional activation. The proline rich domain of CTF-11NF-1 contains 
25% proline residues in a 100 amino acid stretch and Rox5 contains 24.5% prolines in a 61 amino 
acid region. The CTF-1/NF-1 proline rich region activates transcription from a heterologous 
promoter, SV40, when fused to the DNA binding domain of SP1. It is proposed that these proline rich 
domains activate transcription by folding in a unique structure, omega loops for example, which 
facilitate protein-protein interactions with the transcription machinery (Leszczynski and Rose, 1986; 
Mermod et al., 1989). It is possible that this region of the Rox5 protein may similarly be involved in 
protein-protein interaction with the transcriptional machinery. 
5.5 Rox5: A Putative Stress Response Protein 
Consistent with their role in DNA binding and transcription regulation, a number of zinc finger 
protein have been shown to have tentative roles in growth, development and differentiation. The best 
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studied zinc finger genes are the Drosophila gap genes, Hunchback Kruppel and kizirps, which are 
among the earliest transcripts detected in the developing embryo. These genes are involved in 
regulating the spatial pattern of homeotic gene expression in the embryo. Mutations in these genes 
cause multiple adjacent segments to be missing in the embryo (Ingham et al., 1986; White et at., 
1986; JackIe et al., 1985; Knipple et al., 1985). Egr-1 is proposed to be involved in bone 
development, (McMahon et al., 1990), Krox-20 in brain development, mKr2 in neuron development 
(Chowiry et al., 1988) and tIoai receptor in limb development (Tickle el a, 198S). As 
mentioned above, the pattern of Rox.5 expression suggests that it is similar to HKr4, a member of the 
Gli-kruppel family of zinc finger proteins. This gene family has been implicated in embryonic 
development and neoplasia. Both HKr4 and Rox5 are expressed at low levels in all normal tissue 
examined with slightly higher levels in the spleen (both HKR4 and Rox5) kidney, eye and brain 
(RoxS only). Characteristically both genes are more highly expressed in malignant cells. These 
results suggest that Rox5 may similarly play a role in embryonic development and neoplasia. 
Agents which stimulate cell cycle transitions and/or cell proliferation such as growth factors, 
phorbol esters and cyclic nucleotides induce specific subsets of genes which are required to mediate 
signal transduction. Tumour cells rapidly proliferate in response to a number of factors. For example, 
TGF-cx, IGF-I related growth factors ( Salomon et al., 1984; Dickson et al., 1986) and oestrogen 
stimulates responsive MCF7 cells to proliferate (Lippman et al., 1976; Darbre et al., 1984; 
Katzenellenbogen et al., 1987). Recently a number of RNAs have been identified which are induced 
in MCF7 cells upon oestrogen stimulation. These genes include PNR-2/pS2 (Henry et al., 1989; 
Westley et at., 1984 ) which is a cysteine rich protein secreted from MCF7 cells with homology to 
porcine pancreatic spasmolytic peptide (Rio et al., 1988) and p53, a putative tumour suppressor gene 
(Ben-Davis et at., 1988) in which a high frequency of mutation has been associated with colon, breast 
and lung tumour initiation (Baker et at., 1989, Nigro et at., 1989). In contrast glucocorticoids and 
antioestrogens inhibit growth of these cells (Lippman et al., 1976; Darbre et at., 1984; 
Katzenellenbogen et at., 1987). Antioestrogens such as tamoxifen, bind to the oestrogen receptor and 
therefore prevent oestrogen binding. This event in turn induces TGF-B expression which has a high 
inhibitory growth potential (Knabbe et al., 1987). Furthermore, addition of serum (or growth factors) 
to serum deprived cells rapidly induces a specific subset of genes, the 'immediate early genes'. 
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Transcription factors are an important group of these genes because they couple biochemical events 
to changes in gene expression which control cell growth. These genes include the proto-oncogenes c-
los and c-myc (Kelly et al., 1983; Cochran et al., 1984 and Bravo et al., 1987) and the zinc finger 
genes Krox-20 and Egr-1 (Chavrier et al., 1988; Sukhatme et al., 1988). 
Rox5 is expressed in all cells at low levels but is highly expressed in tumour cells. The 
accumulation of Rox5 transcripts in tumour cells suggests that this gene may be involved in 
mediating a response to conditions caused by the neoplastic condition of the cell and therefore may 
be involved in tumour progression. The expression of Rox5 in a number of solid breast tumours has 
been examined to determine if there is a correlation between RNA levels and the tumour status of the 
patients and therefore may be a useful marker for tumour progression. Although a variation in Rox5 
RNA levels was observed between patients, this variation could not be correlated with the tumour 
differentiation, metastatic condition or nodal state. Furthermore there is no significant correlation 
between Rox5 RNA levels in tumours of pre and post menopausal patients and therefore Rox5 is not 
involved in tumour progression. 
The expression of Rox5 in oestrogen stimulated or tamoxifen inhibited xenographs of the 
breast tumour cell line MCF7, was not altered appreciably, but was significantly increased 
(approximately 5 fold) in MCF7 cells in culture which have been deprived of serum for 25 hours. In 
addition, a second transcript was induced in serum deprived cells. This second transcript could no 
longer be detected fifteen minutes after serum addition, and the transcription of RoxS returned to 
normal levels. These results suggest that, first Rox5 is very rapidly induced in response to the 
deprived condition of the cells. Second, the transcription of RoxS is not under hormonal regulation in 
particular oestrogen regulation. Third, these results also indicate that the elevated expression of RoxS 
RNA in tumour cells is not a consequence of cellular proliferation because the transcription of Rox5 
was unaffected under growth stimulating and growth inhibiting conditions. This result must be 
verified by studying these effects in a synchronous culture. 
There are two possible reasons why Rox5 and its related transcript are induced in MCF7 cells 
grown in low serum conditions. The first hypothesis is that, during Go to GI transition, transcription 
of Rox5 is rapidly reduced. In contrast, transcription of Krox-20 and Egr-1 is rapidly increased 
during Go to GI transition.. MCF7 cells grow in serum-free media for four days before they go into 
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quiescence (Barnes and Sato, 1979). Therefore after 25 hours on low serum it is likely that only a 
small proportion of cells are quiescent. Upon serum stimulation, this small population of cells would 
undergo Go to GI transition and cause a rapid reduction in Rox5 transcription. This hypothesis 
supposes that if a small population of quiescent cells can cause a 5 fold induction of Rox5 and its 
related transcript, then a synchronous culture of quiescent MCF7 cells would cause a massive 
induction of Rox5. Therefore stimulation to enter GI would similarly cause a massive reduction in 
Rox5 transcription. 
The second hypothesis is that Rox5 is induced in response to the stressed condition of the 
cells. Cells respond to potentially damaging stimuli by increasing the synthesis of a family of 
proteins, the stress proteins. These genes are among the most highly conserved genes known and are 
rapidly induced in cells in response to stress such as heat shock, ethanol, anoxia, metabolic disruption 
and nutrient deprivation (Lindquist and Craig, 1988). The best studied are the heat shock genes 
HSP70, HSP90, and HSP60, which are rapidly induced in response to changes in temperature but can 
also be induced by other stimuli (Ananthan et al., 1986; reviewed in Lindquist and Craig, 1988). 
Other stress response genes include ubiquitin (Finley et al., 1984, Bond et al., 1985; Finley et al., 
1987) induced by heat shock, grp78 induced in response to glucose starvation (Lee et al., 1984, Shiu 
et al., 1977) and uncoating ATPase which binds to clathrin triskelians and participates in the 
uncoating of clathrin coated vesicles (Ungewickell, 1985; Chappell et al., 1986). These proteins are 
present at low levels in all cells but are rapidly induced in response to stress. It is proposed that they 
act as 'molecular chaperons in the cell and are required for assembly and disassembly of protein 
complexes (Rothman, 1989; Ellis and Hemmingsen, 1989; Lindquist and Craig, 1988). In a normal 
cell they would facilitate folding and assembly of proteins by binding to intermediate protein states, 
thus preventing their aggregation, and translocate them to for example the membrane where they are 
inserted. Their putative role in a stressed cell is not unsimilar. It is proposed that during stressed 
conditions in a cell, denatured proteins accumulate and form aggregates which damage the cell. 
Normally, aberrant proteins are recognised by the ubiquitin degradation system. A 76 amino acid 
protein, ubiquitin, is attached to the N-terminal of the aberrant protein and this product is a substrate 
for proteolysis. During heat shock and other stresses, it is proposed that the system becomes 
overloaded and proteins are not degraded efficiently. The heat shock proteins then bind to the 
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denatured proteins and prevent their aggregation (Munro and Pelham, 1985; Ananthan et al., 1986; 
Lindquist and Craig, 1988; Ellis and Hemmingsen, 1989; Rothman, 1989). 
Rox5 is also expressed at low levels in the body but is rapidly induced in response to serum 
deprivation. Rapid induction is a characteristic of the stress protein family. The exact composition of 
serum is unknown but the addition of five growth factors (insulin, transferrin, EGF, PGF2a and Cig) 
will support a growth rate identical to that of cells in medium supplemented with an optimum 
concentration of foetal calf serum (Barnes and Sato, 1979). Rox5 may be responding to low levels of 
one of these factors in the media. The second induced band observed in low serum conditions could 
be produced by differential transcription or RNA processing of the Rox5 gene. Alternatively, a 
related gene could be induced either by Rox5, in which case it could mediate the effect of Rox5, or by 
the absence of other factors in the media. 
Serum starvation inhibits cell growth and division. This is accompanied by a massive 
reduction of protein synthesis. An alternative hypothesis concerning the role of Rox5 in serum 
deprivation is that this gene is required for the activation of factors which participate in reducing non-
essential protein synthesis. This could be achieved by either preventing transcription and translation, 
or by activating the stress genes such as ubiquitin or the HSPs which would participate in protein 
degradation and disposal. 
5.6 Evolution of Zinc Finger Domains 
The finding that several organisms from yeast to man contain this conserved motif supports the 
prediction that various regulatory proteins may have evolved from a small DNA binding ancestral 
domain (Miller et al., 1985). It is proposed that this single ancestral functional unit bound to a half 
turn of DNA. During evolution, the unit may have multiplied by sequence duplication (Rosenberg et 
al., 1986). In some proteins, such as SP1 and Krox-20 (described above), there is evidence that the 
ancestral unit was a repeat of two zinc fingers. This is supported by the observation that in a number 
of zinc finger proteins, alternate fingers are more similar (Knochel et al., 1990). The protein 
sequence of Rox5 does not support this hypothesis. In the first domain, containing three fingers, the 
first and third finger are no more similar than the first and second. In fact the fingers in the first 
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domain are more similar to each other than to any of the fingers in the second domain. The evolution 
of multifinger domains provides a mechanism by which sequence specific recognition could evolve 
rapidly by subtle changes in the sequence of the amino acids at the fingertips, thus modulating DNA 
binding and transcription regulation. The the first domain may therefore have evolved independently 
from the second, being acquired as an independent unit and adapted for a separate function. This 
function may involve dimerisation of the Rox5 protein subunits or may be a requirement for 
additional DNA binding specificity. 
5.7 Future Directions 
This project has left a number of questions about the structure and function of Rox5 to be 
answered. Additional structural information would be obtained from a full length clone, to analyse 
the upstream regulatory region of RoxS. It would be interesting to determine if this gene has any of 
the putative activation domains previously described or if it possesses any of the conserved motifs 
described in other zinc finger containing genes such as a FAX or KRAB motif (Knochel et al., 1989; 
Bellefroid et al., 1990). A complete sequence would also allow the identification of other potentially 
important regions within the coding sequence such as additional finger motif, serum responsive 
elements, ligand binding domains or hormone responsive elements. 
The role which Rox5 and its co-induced transcript play in serum deprived cells is of obvious 
interest. The stringency of the hybridisation conditions used to detect the transcripts, suggests that 
Rox5 and the second transcript are derived from the same gene. A probe specific for RoxS will 
determine if the co-induced transcript is the same gene or a related gene. If these are the same genes 
the second transcript may be produced by differential transcription or differential processing. PCR 
oligos, designed to the coding region of Rox5 will determine if a modified protein is produced by 
differential splicing. Alternatively primer extension analysis will detect differences at the 5 end of 
the mRNA. The transcription of the second transcript increases from an undetectable level in 
growing cells to the level observed in serum deprived cells. This induction is therefore greater than 
that observed for Rox5. The isolation of this gene is of interest because it will allow the exact 
relationship of it with RoxS to be determined. 
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To determine the exact relationship between serum deprivation and elevation of Rox5 
transcription, it is necessary to perform dose experiments in which the expression of Rox5 is 
monitored at different time points following serum deprivation. This will give information on the 
kinetics of Rox5 induction in stressed conditions. In addition, arresting the cells in GO and 
synchronising the cell culture will allow the separation of cell cycle effects from the stress response. 
Furthermore, to determine if RoxS is responding to cellular proliferation, the kinetics of RoxS 
degradation should also be followed in synchronous cultures upon addition of oestrogen which 
stimulates cell growth or tarnoxifen which inhibits cell growth. These experiments will provide 
information about the type of conditions which induce Rox5 expression. They will separate cell cycle 
effects from cell proliferation or cell stress response. 
To determine if Rox5 is responding to low concentrations of a factor or factors in the serum, a 
serum dose response experiment should be performed. In this way the induction of Rox5 expression 
can be directly related to a reduction in serum concentration. Once the minimal serum concentration 
is determined which produces a reduction in transcription of RoxS, then defined factors can be added 
back to the serum deprived cells to determine which factor is responsible for the response. 
If the elevated transcription of Rox5 is a general stress response then other factors which 
activate the stress genes may also activate Rox5 transcription. Factors such as heat shock, ethanol 
treatment, hydrogen peroxide treatment, addition of amino acid analogues to mention but a few could 
also be used to induce general stress conditions. 
The moderate expression of Rox5 in a subset of organs such as brain, kidney, spleen and eye 
may be functionally significant. It would be interesting to follow the expression of this gene during 
embryonic development to determine during which embryonic stages this gene is activated and in 
which cells. A number of questions can be answered using in situ hybridisation. For example, is this 
gene activated in all cells at the same time? Is it activated at the same levels in all tissues at the same 
time? Is the differential expression in adult tissues a reflection of earlier embryonic differences or is 
the elevated expression observed in some cells acquired when the specific functions are initiated? If 
this gene is truly a stress response gene then its elevated expression in the eye may be required to 
prevent damage. The eye is particularly sensitive to insult from the external environment and from 
metabolic disruption and disorders such as diabetes and increased levels of Rox5 may be a means 
meansrapidly respond to these potentially damaging stimuli. 
5.8 Characterisation of Hox-7 and Hox-8 in the eye 
A succession of inductive interactions between different tissues lead to the elaboration of the 
different components of the mammalian eye. Although, many of the inductive tissue interactions 
which lead to formation of particular structures within the eye have been elucidated, relatively few 
of the underlying molecular events which respond to these inductive signals and mediate cellular 
commitment or differentiation are known. Investigations into the molecular mechanisms involved in 
segmentation in the Drosophila embryo has led to the identification of a hierarchy of regulatory 
genes which are expressed in a segment restricted pattern and are required to specify positional 
identity along the anteroposterior axis (Lewis, 1978; Akam, 1987). More recently, selective 
expression of regulatory proteins has been proposed to be involved in segmentation of the hindbrain 
in the mouse brain (Murphy et al., 1989; Wilkinson et al., 1989). These results demonstrate that two 
different families of DNA binding proteins, the zinc finger containing proteins and the homeobox 
containing proteins, are involved in common mechanisms of prepattem formation in both vertebrates 
and invertebrates. The results presented in this thesis on the characterisation of the expression of 
two unlinked, sequence related homeobox containing genes, Hox-8 and Hox-7, in the developing 
mammalian eye suggests that these genes are similarly involved in compartmentalisation in the 
mammalian eye. It is proposed that these two genes are responding to the early inductive 
interactions which lead to retina, corneal, lens and ciliary body formation and are the first molecular 
markers of positional specification within the neuroepithelium of the optic cup. 
5.9 Significance of Hox-7 and Hox-8 as early molecular markers for eye development 
The patterns of transcription of the Hox-7 and Hox-8 homeobox containing genes, in the 
developing mouse eye from 9 days p.c. until 19.5 days p.c., has been investigated using in-situ 
hybridisation. Interpreting the expression patterns of Hox-7 and Hox-8 simply as markers of 
differentiation, indicate that the prospective corneal/lens epithelium has differentiated from the 
surrounding epithelium at day 9.5 p.c.. This conclusion is based on the observation that Hox-8 
expression in the surface ectoderm is restricted to an area just larger than the region that is in 
association with the optic vesicle. Similarly, at this stage, the transcription of Hox-8 is only detected 
in the portion of the optic vesicle that is in contact with the surface ectoderm. Therefore, the region 
of the epithelium that will later form the inner layer of the optic cup is already distinguished from the 
adjacent epithelium, which will form the outer layer of the optic cup by its expression of Hox-8. In 
addition, at 11 days p.c., the expression of I-Iox-8 in the inner layer of the optic cup is localised to the 
neural retina and does not include the presumptive ciliary body or iris. This suggests that prospective 
retinal region of the inner layer of the optic cup is differentiating at 11 days p.c.. 
Hox-7 expression is first detected in a few cells on the vitreal side in the apical regions of the 
inner layer of the optic cup at 11 days p.c.. Over the next two days this expression becomes confined 
to a precise band of cells in the optic cup which corresponds to the domain of the presumptive ciliary 
epithelium. The pattern of Hox-7 transcription in the inner layer of the optic cup therefore indicates 
that the ciliary body domain is distinct from the iris and neural retina at 12.5 days p.c. Thus the inner 
layer of the optic cup is already patterned by the eleventh day of development before the intra-retinal 
gap is closed and before contact with the outer pigment epithelium layer. 
5.10 Hox-7, Hox-8 and induction in the eye 
The expression patterns of these two genes in the developing eye provide early differentiation 
markers which allow investigations into the determinative roles played by other tissues in ocular 
development. It has been suggested, on the basis of transplantation experiments (Lopashov and 
Stroeva, 1961), that a broad domain of the surface ectoderm has the capacity to differentiate into the 
corneal epithelium but that under the influence of the lens and optic cup this capacity becomes 
restricted to the region covering the eye cup. It is proposed here that the expression of Hox-8 is the 
first molecular marker in the surface ectoderm which defines this capacity. Hox-8 transcription is 
initially in a broad domain covering the optic vesicle but later becomes confined to the region of the 
surface ectoderm that is directly over the optic cup. It would appear from the observations presented 
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here, that Hox-8 expression in both structures that arise from the surface ectoderm, namely the cornea 
and lens, are under independent control as transcription in the lens can no longer be detected on the 
12th day of development, at a time when J-Iox-8 transcription in the presumptive corneal epithelial is 
high. Comeal expression is no longer detected day later at 13 days p.c.. It is interesting that corneal 
expression of Hox-8 is maintained, while lens expression is switched off because it is proposed that 
continued induction from the lens is required for corneal epithelial induction (Lopashov and Stroeva, 
1961). If Hox-8 is responding to inductive signals which are required for lens and corneal epithelial 
formation, then it would be expected that once the lens has been induced and begins to form that 
Hox-8 would no longer be required. However, the corneal epithelium would continue to require Hox-
8 expression to respond to the continued inductive influence from the lens. 
Furthermore, lens transplantation experiments (Stroeva, 1963, Clavert, 1972) suggest that the 
lens induces formation of the ciliary body and iris from the region of the undetermined optic cup 
that it contacts (see section 1.3). Since Hox-7 expression is localised to the presumptive ciliary body 
region at least as early as 12.5 days p.c., before contact with the lens can be observed, this suggests 
that contact between the uncommitted optic cup and lens epithelium is not required for ciliary body 
induction. The expression of Hox-7 in a few cells at 11 days p.c. on the vitreal side of the optic cup 
suggests that these cells are the first cells to respond to the putative morphogen diffusing from the 
lens. Therefore, induction of the ciliary body must have occurred at least as early as 11 days p.c.. 
Both Hox-8 and Hox-7 are the earliest molecular markers which identify the domains of the 
retina and ciliary body in the inner neural epithelium. In addition Hox-8 identifies the region of the 
surface ectoderm which will differentiate into the corneal epithelium. Other investigators have 
analysed the distribution of other early developmental markers such as basal lamina components 
including type IV collagen, laminin and heparin sulphate proteoglycans in addition to fibronectin 
during eye development as early markers of cellular of morphogenesis and differentiation 
(Parmigiani and McAvoy, 1984; Svoboda and O'Shea, 1987; Haloui et al., 1988). Both fibronectin 
and laminin are detected as early as 9 days p.c. in the developing optic vesicle and surface ectoderm 
but their domains are not as restricted as Hox-8 (Haloui et al., 1988). Similarly, at later stages 
glycoproteins can be detected in the developing optic cup, lens and cornea, but their localisation is 
not as confined as Hox-7 and Hox-8. These restricted expression of these genes is early enough for 
them to be one of the first genetic responses to inducing signals. As discussed previously, (Section 
1.5), there is evidence that homeobox containing genes in other organisms are responding to early 
inductive signals and establishing positional information. The best characterised are the Xenopus 
genes Xhox3 and MIX-1 (discussed in Section 1.5.5). These probes, Hox-7 and Hox-8, can now be 
used as an assay to further investigate early events in retinal development and the role of the lens in 
the induction of corneal epithelium and ciliary body formation. 
5.11 Roles for Hox-7 and Hox-8 in pattern formation 
Four lines of evidence suggest that Hox-7 and Hox-8 are actively involved in the process of 
pattern formation in the developing eye. First, is by analogy with Drosophila homeobox containing 
genes. Through the action of these genes the undifferentiated body of the fruit fly becomes 
compartmentalised into distinct developmental units. Hox-7 and Hox-8 similarly may play roles in 
compartmentalisation of the epithelium of the vertebrate eye. Second, the spatial domains of 
expression of these genes are localised to distinct areas in the epithelium which can later be 
morphologically distinguished. Hox-7 transcription is precisely confined to the domains of the ciliary 
body in the inner layer of the optic cup, at 12.5 days p.c. Similarly Hox-8 defines the domain of the 
neural retina in the inner layer of the optic cup at 11.5 days p.c. Thirdly, the temporal relationship 
between gene expression and morphological differentiation demonstrates that the transcription of 
these genes precedes morphological differentiation. The expression of Hox-7 is detected in the 
presumptive ciliary body at least two days before morphological differentiation can be observed. 
Hox-8 expression is localised to the presumptive retinal region of the optic cup around the time that 
the first signs of morphological differentiation occurs. Fourthly, for a gene to be involved in pattern 
formation in the eye, it must be active shortly after the occurrence of induction. With Hox-7 and Hox-
8, the time of expression is, in each case, at least as early as the time when experimental evidence 
suggests the prospective domains are being determined (Stroeva, 1963). 
It is possible that these genes in concert provide, at least in part, the specification of pattern in 
the optic cup. They also act as early developmental markers of retina and ciliary body and corneal 
differentiation, defining these regions in the epithelium before morphological differentiation occurs. 
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Hence, these results suggest that two homeobox-containing genes, Hox-7 and Hox-8 are involved in 
prepattern formation in the developing eye and give access to the study of the inductive roles played 
by interacting tissues in ocular development. 
5.12 Future directions 
Using these genes as early molecular markers of differentiation it will now be possible to 
determine which tissues interactions are required for induction of individual structures. The lens is 
proposed to induce lens, ciliary body and iris formation (Section 1.3.3) therefore removing the lens 
from early developing eye cups and analysing the effect on Hox-7 expression in the presumptive 
ciliary body region, will determine if the lens is required to induce Hox-7 expression in the optic cup, 
and at what time in development this induction occurs. These observations can then be coupled with 
morphological analyses of the development of the ciliary body to determine if Hox-7 expression is 
required for differentiation to occur. In addition, the expression of Hox-8 in these situations may 
provide information about the relationship of Hox-8 and Hox-7 in prepattern formation in the 
developing optic cup. In situations where the ciliary body is not induced, is Hox-7 detected and if not, 
is the transcription of Hox-8 still restricted to the developing neural retina? 
It would be interesting to determine the relationship between Hox-7 and Hox-8 expression in 
the optic cup. This can be achieved if the lens is the true inducer of ciliary body formation and Hox-7 
expression. The expression of Hox-7 in the eye is de-nova, is transcription of Hox-7 delayed until 
the lens is mature enough to produce a morphogen which activates Hox-7 transcription in the optic 
cup. It may be possible to answer this question by altering the temporal pattern of Hox-7 expression 
by transplanting lenses of different ages into young optic thereby inducing early expression of Hox-7 
in the inner layer of the optic cup. If this occurs, what is the effect on Hox-8 expression in the optic 
cup, is it prelocalised earlier to the neural retinal regions or is Hox-7 expression repressed ? If Hox-8 
expression is altered what is the effect on the development of the retina? Furthermore, it may be 
possible to alter the spatial pattern of Hox-7 and Hox-8 expression by transplanting a second lens into 
the anterior chamber of a developing optic cup. In this situation, is a secondary ciliary body axis 
induced and concomitantly is Hox-7 induced? Does this alter the expression of Hox-8? 
Transplanting sub-populations of lens cells into lens-less developing eyes will reveal if a 
particular population of cells within the lens is sufficient to induce ciliary body development and 
Hox-7 expression or if the complete lens is required. The identification of a sub-population of cells 
which induces ciliary body formation may facilitate isolation of the morphogen required for 
induction. 
A second method to approach an understanding of the role of these genes in eye development 
is to study their expression during abnormal development. A number of mouse strains are available 
which have mutations in genetic loci which affect eye development. Studying the expression of Hox-
7 and Hox-8 in these animals may provide further information about the function of Hox-7 and Hox-8 
in the developing eye. The most interesting mutations include aphakia (ak), a recessive mutation on 
chromosome 19, which manifests on the tenth day of development as abnormal organisation within 
the lens vesicle (Varnum et al., 1968; Zwaan et al., 1975); eyeless (ey-1, ey-2), two recessive 
mutations which result in improper lens vesicle formation (Beck et al., 1963; Webster et al., 1984); 
and small eye (sey), a semidominant mutation which affects eye size in heterozygotes and in 
homozygotes results in failure of the lens placode and the nasal placode to form (Clayton et al., 
1978; Hogan et al., 1986). These mutations provide a means to analyse the early steps in optic cup 
formation, i.e., lens placode formation (Sey), lens vesicle invagination (ey-1, ey-1) and lens formation 
(ak). It would be interesting to investigate the expression of Hox-7 and Hox-8 in these animals to 
determine if Hox-8 is expressed normally in the neural and surface ectoderm in Sey mice, since in 
these animals they are not in association. In Sey homozygotes, mesoderm and neural crest cells 
penetrate between the neural and surface ectoderm, both Hox-7 and Hox-8 are expressed in these 
cells normally but is this expression maintained in these animals? It has been proposed that close 
association between the surface ectoderm and neural ectoderm is required to exclude neural crest 
cells, which would normally inhibit lens placode formation. Therefore in the sey mouse, does entry of 
neural crest cells into the intra-ectodermal space prevent lens placode formation and is there a 
relationship between this and the expression of Hox-8 in the surface ectoderm or optic vesicle? Is 
expression of Hox-7 in the mesoderm cells of both Hox-7 and Hox-8 in the neural crest cells' 
maintained in these animals? In both the ey mutations and the ak mutations, the lens is the primary 
targets. These mutations affect different stages of lens development. In normal development, Hox-8 
is transiently expressed in the lens during the time that these mutations would manifest. Is Hox-8 
expression effected in the lens? and does abnormal lens formation effect the expression of Hox-7 in 
the ciliary body? 
The expression of Hox-8 and Hox-7 in the developing eye has been followed until day 19 of 
development but many structures within the eye are not fully developed at this stage, including the 
ciliary body, iris and retina. The mesenchyme which surrounds the eye migrates into the uveal and 
corneal regions to form components of the cornea, iris and ciliary body. Since Hox-7 is expressed in 
the mesenchyme surrounding the eye, it is possible that it may be involved in forming these 
structures. Further in-situ analyses of later stages in the development of the mammalian eye will 
determine if Hox-7 is required for formation of structures such as the trabecular meshwork of the 
ciliary body and the epithelium of the iris. 
The expression of Hox-8 is first detected in the optic vesicle and the surface ectoderm at 9.5 
days p.c.. The earliest expression is observed when these two structures are in direct association. In 
situ analysis of Hox-8 in earlier stages of the developing eye will determine if Hox-8 is expressed in 
these structures before they become associated, also if expression occurs in the optic vesicle before 
the surface ectoderm and vice versa. If Hox-8 is responding to early inductive signals, is this 
response in a few cells initially and therefore expression of Hox-8 is detected in a few cells initially 
which then spreads over the epithelium or if transcription of Hox-8 is initiated in a broad region of 
the surface ectoderm and optic vesicle. 
Both Hox-7 and Hox-8 are expressed in a variety of tissues outside the eye including the 
developing limb, the otic and nasal placode. It would be interesting to determine if these genes are 
under the same controls in these tissues. Analysing the upstream regions of these genes will 
determine if the expression of these genes in the eye is controlled by a discrete cis acting element. 
Alternatively a single upstream region in each gene may be responsible for gene expression but 
different trans acting factors may mediate tissue specific expression. Also can the lens induce Hox-7 
expression in the developing limb indicating that a common morphogen is operating in the limb and 
the eye. This can be achieved by transplanting the developing lens into a region of the limb that does 
not normally induce Hox-7 expression. Furthermore, is there a common mechanism involved in lens 
placode, nasal placode and otic placode formation? Can the neural ectoderm from the eye induce 
nasal or otic placode formation? The answer to these and many other related questions can be 
obtained by manipulating the developing embryo, the eye is a particularly useful organ because 
tampering with its development or function is not lethal to the animal and therefore the effect of 
these manipulations can be followed throughout development and growth. 
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